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Abstract
During 1999 ex-situ microcosm experiments were carried out at Dunstaffnage Marine
Laboratory, Oban using natural assemblages of microplankton (< 200 m in size) in a
series of enrichment experiments using continuous culture techniques to determine q - the
yield of chlorophyll from dissolved available inorganic nitrogen (DAH\I), during and after
an enrichment event. The experiments lasted between 11 and 14 days and produced a
time series of q after an enrichment of either 12 M ammonium or 12 M nitrate. All
other essential nutrients, vitamins and trace metals were added in excess so that only
DAIN would limit chlorophyll synthesis. Experiments were carried out during Spring,
Summer and Autumn and environmental regimes in the growth room were set-up to
mimic ambient conditions at the sampling site for each season. Water samples were
collected every 2 days and were analysed for chlorophylls a, b and c, chlorophyll a
breakdown products, carotenoids, dissolved inorganic nutrients and particulate nitrogen
and carbon. Identification and enumeration of microplankton was also undertaken.
During 2 of the experiments nitrogen isotope techniques were used to determine uptake
rates for nitrate and ammonium. The results indicated that the microplanktonic response
to an enrichment event could be divided into 3 phases: Phase I q - a rapid uptake of DAIN
and the synthesis of large quantities of pigments; Phase H q - DAIN became limiting and
there was a decline in q caused by nutrient limitation and an increase in grazing pressure;
Phase II q - after declining q remained fairly stable. Nitrogen tied-up in autotrophic
biomass was transferred to the heterotrophs as grazing pressure and algal death increased
accompanied by a calculated rise in dissolved organic nitrogen through degradation
processes (assuming mass conservation of nitrogen was occurring in the microcosms),
and, presumably, regenerated DAIN. There were seasonal differences in q caused by
changing environmental conditions such as light, temperature and background nutrient
concentrations. Seasonal changes in the community structure of microplankton collected
from the sampling site could also have affected the value of q. During the Summer and
Autumn Experiments ammonium enriched microcosms produced lower values of q
compared to nitrate enriched microcosms but further investigation is needed to clarify the
reasons for this. The method used to estimate chlorophyll or nitrogen had an effect on the
value of q. Refined values of q have been produced for use in the screening model used
to predict potential eutrophication in the UK.
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11 Introduction
1.1 General Introduction
Eutrophication is defined by the Council of European Communities (C.E.C., 1991) as:
the enrichment of water by nutrients especially compounds of nitrogen and
phosphorus, causing an accelerated growth of algae and higher forms of plant life to
produce an undesirable disturbance to the balance of organisms and the quality of the
water concerned."
Inputs of nutrients into coastal waters can cause ecosystem problems due to excessive
algal blooms (Borum et al., 1996; Bricker et al., 1996) and can result in fish kills (Tett,
1980; Gowen et al., 1982; Jones, et al., 1982; Turner et al., 1987; Bokn et al., 1990;
Nielsen and Richardson, 1990; Maestrini and Granéli, 1991; Hallengraef, 1995; Kelly
and MacDonald, 1997). Eutrophication will only occur if there is a lack of dispersal of
plant nutrients and algal biomass and if no other factors such as light or grazing limit the
growth rate of phytoplankton (seaweed/higher plants).
Harmful algal blooms (HABs) have been the focus of attention for many years from
both the academic community and the water monitoring organisations that seek to better
predict, monitor and control their occurrence. HABs can be broadly split into two
categories: those that cause problems primarily by the sheer bulk of biomass that is
produced, such as blooms of Gyrodinium aureolum (Jones et al., 1982) (although these
species can also contain toxins) which contain pigments that actually cause the sea to
look discoloured and are hence known as red tides; phytoplankton that occur in lower
numbers but can produce toxins that accumulate in the food chain and can cause illness
and, in extreme cases, death in humans, an example of this type of HAB organism is
Alexandrium tamarense which causes paralytic shellfish poisoning (PSP). It is
debatable whether the putative increases in HABs are due to the development of more
thorough monitoring programmes in recent years or are in fact real effects (Smayda,
1990; Anderson, 1989). The causes of HABS are by no means straightforward and may
2depend on environmental factors, such as temperature and stratification, as well as
community interactions between phytoplankton and grazers in coastal ecosystems.
Eutrophication has been cited as a potential cause of HABs because inputs of nutrients
that can stimulate plant growth continue to increase in coastal ecosystems due to
anthropogenic activities (Anderson, 1989) such as fish farming, sewage disposal,
agriculture and additions of nitrogen to the atmosphere from the combustion of fuels
and agricultural processes. There is at present much speculation as to possible causes of
marine HABs: climate change; changes in nutrient ratios in discharges into coastal
ecosystem; environmental conditions such as water column stability and temperature; an
excess of nutrients. Eutrophication does not always have a detrimental effect and can
lead to enhanced fishery yields (Riegman, 1995), however, at present, there is no way of
predicting whether eutrophication will have a beneficial or harmful effect on an
ecosystem and it is treated as something to be avoided.
The BEC Urban Waste Water Treatment Directive (UWWTD) of 1991 (91/271/EBC)
requires that sewage discharges into coastal and estuarine environments are treated up to
a standard that will not produce detrimental effects in the receiving waters. One of the
requirements is that nutrients, in the form of nitrates and phosphates, should not cause
eutrophication problems now or in the future. This requirement means that it is
necessary to estimate how much phytoplankton biomass can be produced from the plant
nutrients that control algal growth. In temperate latitudes the most limiting nutrient in
marine waters is generally accepted as being nitrogen (Taylor er al., 1995; Tsitsis,
1995) although other nutrients can become limiting under certain conditions
(Soederstroem, 1996). Nitrogen is available for algal growth in the form of the
inorganic compounds of nitrite, nitrate, ammonium and molecular nitrogen which are
collectively know as dissolved available inorganic nitrogen (DAIN) for the purposes of
this study. Dissolved organic nitrogen, such as aminoacids, can also be utilised by
some algae. Chlorophylls and carotenoids are required by all algae in order to capture
light energy and turn it into chemical energy which can then be used to fix carbon
dioxide for biomass production. The type of carotenoid present depends on the algal
species but chlorophyll a is present in all algae and it is therefore a good indicator of
potential growth.
3There are difficulties in separating out organic carbon from detritus for measurements of
phytoplankton growth, and techniques for measuring photosynthesis or counting algal
cells are not routinely used to monitor water quality, therefore it is convenient to use
chlorophyll concentration as a measure of algal biomass.
Research carried out by Gowen er al. (1992) using measurements of nitrate and
chlorophyll from the published literature showed that there was a significant inverse
relationship between DAIN, in the form of nitrate, and chlorophyll for two-thirds of the
60 datasets used in the study. The median value of 1.05 g chl (mol N)`l produced
from the study is now used in a worst-case predictive model by the Comprehensive
Studies Task Team (CSTT, 1994; CSTT, 1997) to determine whether proposed
discharges into UK coastal ecosystems have the potential to cause eutrophication.
However, 21 of the regressions were non-significant and there was a range of 0.25-4.4
g chl (mol N)` around the median value.
This thesis has been designed to further investigate the yield of chlorophyll (q) from
DAIN and follows on from the Gowen et al. (1992) paper which indicated that q was a
variable parameter. Factors affecting the variability in q need to be better understood if
q is to be used effectively in the CSTT screening model.
The aims of this thesis are two-fold:
1. To gain a better understanding of the relationship between DAIN and the
formation/removal of chlorophyll a in marine coastal microplankton.
2. To provide improved estimates of the chlorophyll a yield from nitrogen under a range
of conditions including Waters with high nutrient loadings.
The following introductory chapter consists of information gathered during a literature
review carried out at the start of the study. An overview of the CSTT screening model
is provided. Pigment chemistry and photosynthesis, phytoplankton physiology, and
interactions between microplankton (organisims < 200 m in size) and the environment
in coastal ecosystems are discussed. The methods available for measuring pigments and
4nitrogen uptake and regeneration rates are outlined. The chapter concludes with a
discussion of the factors that can affect the value of q in coastal marine ecosystems and
the objectives of the thesis are stated.
1.2 The CSTT Screening Model for Eutrophicatíon
Anyone wishing to discharge sewage into coastal Waters or estuaries in the UK must
first obtain consent from the appropriate Environment Protection Agency, or, in
Scotland, Scottish Environment Protection Agency (SEPA). Unless sewage is treated to
secondary level a comprehensive study' must be carried out to ensure that requirements
laid-out in the Council of European Communities Urban Waste Water Treatment
Directive (UWWTD) of 1991 (91/271/EEC) are not contravened. A team of experts,
called the Comprehensive Studies Task Team (CSTT), have created a procedure that
can be used as a screening model for the prediction of potential eutrophication effects
from any proposed discharge. Three zones of potential impact from a discharge outfall
are identified:
0 Zone A in which discharged nutrients have a residence time of 10' to 103 seconds.
Only in this zone may the growth rate of attached macrophytes be visibly increased,
but nutrients are not present for long enough to affect phytoplankton biomass;
0 Zone B in which discharged nutrients reside for up to 105 seconds which is long
enough to allow phytoplankton biomass to increase under favourable conditions.
Nutrients are dispersed through this zone mainly (in UK Waters) by tidal movements;
0 Zone C is a larger region in which the residence time of water is 106 to 107 seconds,
long enough for mineralization of particulates to occur. Dispersion can result from
residual current as well as tidal movements over this time-scale.
Most comprehensive studies' are carried out for Zone B areas which should not be
much larger than one tidal excursion around the point of discharge and are presumed to
be homogenous, well-mixed boxes. There are 3 stages in the procedure for predicting
eutrophication of Zone B:
5A mixed-box model is used to estimate potential steady-state nutrient concentrations
(S) using the following equation:
M_
(D~v
S0 = background nutrients (M)
si = inputs of nutrients except those from the potential discharger i.e.
atmosphere, rivers, sewage and industry (mol d`l)
sd = nutrient inputs from the potential discharger (mol d")
D = exchange rate with seaward Waters (d")
V = volume of zone B (1")
This calculation is carried out for Winter nutrients prior to biological uptake in the
Spring and for Summer nutrients when background nutrient levels in the water
column are likely to be minimal, with and without the proposed DAIN discharges
(sd). If S exceeds 12.00 M DAIN in the presence of a minimum of 0.20 M reactive
phosphate (DAIP) then there is a potential for hypernutrification to occur in Zone B.
A mixed-box model is used to determine the maximum chlorophyll that can occur if
all the available DAIN is tumed into algal biomass:
XW =X_, +q~s g 1*
Xmax = maximum biomass if all DAIN is converted into chlorophyll (g 1")
X0 = background chlorophyll (g 1")
q = the yield of chlorophyll from DAH\I (1.05 g chl (mol N)`l)
The calculation should be carried out for early Spring and mid-Summer in temperate
regions. I Xmx exceeds 10 g l`1 in the Summer then Zone B is considered to be
potentially eutrophic.
60 Eutrophication will only occur if all other conditions that are conducive to algal
growth, such as adequate light regime and grazing pressure, are unable to limit algal
biomass. The details of this procedure are given in CSTT (1994) and CSTT (1997).
The parameter q is very important as it dictates how much algal biomass will be
produced from DAIN. Any changes in its value can have a profound effect on the
quantity of algal biomass that would be predicted to occur using the CSTT procedure,
and can make the difference between discharges into an ecosystem being considered an
eutrophication risk or innocuous. One of the aims of this study was to produce refined
estimates of q under eutrophic conditions in a variety of seasons using either nitrate or
ammonium as DAIN.
It is possible that seasonal differences in environmental conditions such as light,
temperature, background nutrients or grazing pressure may have caused some of the
variability observed in q during the regression analysis carried out by Gowen et al.
(1992).
Inputs of DAIN into an ecosystem can be in the form of nitrate or ammonium and it is
necessary to discover whether q is the same for these two species of DAIN. Intuition
would suggest that ammonium enrichment could result in more chlorophyll being
synthesised by phytoplankton as less energy is involved in its uptake whereas nitrate has
to undergo two reduction reactions before it can be assimilated. Coastal areas that
contain fish farms or have large inputs of sewage will receive a substantial amount of
DAIN in the form of ammonium, whereas others that are dominated by agricultural
inputs will receive a greater proportion of DAIN as nitrate. The value of 1.05 g chl
(mol N)" that comes from the Gowen et al. (1992) study was obtained from
regressions of chlorophyll against nitrate.
71.3 Pigment Chemistry
1.3.1 Pigment Synthesis
Chlorophylls are described by Porra et al. (1997) as a group of magnesium co-ordination
complexes of cyclic tetrapyrroles with a fifth isocyclic ring attached (Figure 1.1).
According to Porra et al. (1997) there are over twenty-five steps involved in the
synthesis of chlorophyll. The first stage in the production of chlorophyll and
biliproteins (an important accessory pigment in red algae and cyanobacteria) is the
formation of the C5 compound, 5-aminolevulinic acid (ALA). This is the rate-limiting
step for the synthesis of the tetrapyrroles (Figure 1.2) and it is dependent on the amount
of glutamate available for ring formation. All forms of inorganic nitrogen that are taken
up by phytoplankton need to be reduced to ammonium before they can be assimilated
into glutamate. The Photosynthetic Quotient (the ratio of CO2 required to O2 produced)
is 1.2 for ammonium and 2 for nitrate showing that more energy is needed to assimilate
nitrate than ammonium.
ALA forms a ring which then joins with four other ALA rings Closing to form a
macrocycle called protoporphyrin IX. There are 8 reaction steps between this stage and
the formation of chlorophyll a during which Mg2" is incorporated into the centre of the
protoporphyrin I forming the tetrapyrrole complex. Insertion of Fe instead of Mgâ
occurs in the formation of phycobilins. The final transformations in chlorophyll a
synthesis involve the production of chlorophyllide from protochlorophyllide and the
attachment of a phytol chain. Formation of chlorophyllide a from protochlorophyllide is
regulated by light. All the steps involved in chlorophyll a synthesis are described in
Porra et al. (1997).
Availability of nitrogen is therefore crucial to the formation of chlorophyll a in
phytoplankton and can limit its synthesis. The euglenophytes possess 2 biochemical
pathways to ALA production, the second involving the synthesis of glycine instead of
glutamate which could possibly affect the rate of synthesis of chlorophyll a. Phosphate
is involved in supplying the energy for the reactions in the form of ATP and so the
availability of phosphate will also affect the reaction rate.
s1.3.2 Pigment Degradation
Chlorophyll a degradation can produce pheophorbide a molecules with removal of Mgâ
and the phytol tail' of the molecule. Intermediate breakdown products can be either
chlorophyllide a or pheophytin a depending on whether the phytol tail' or Mg is
removed from the chlorophyll a molecule. The degradation processes of chlorophyll a
are reviewed by Hendry et al. (1987) and are shown in Figure 1.3.
It is generally accepted that chlorophyllide a is present in senescent algae due to the
breakdown of chlorophyll a, however not all studies support this (Klein, 1988). Klein's
results showed no proportional increase in chlorophyllide a with decreased chlorophyll a
and there was no increase in chlorophyllide a during senescence. Large concentrations
of the enzyme chlorophyllase which causes the transformation of chlorophyll a to
chlorophyllide a are often found in algal samples, but there is increasing evidence that
this may be an artefact of the concentration techniques used, such as filtration and
centrifugation, and is strongly species dependent with diatoms more affected than
dinoagellates (Jeffrey and Hallegraeff, 1987; Suzuki and Fujita, 1986).
Pheopigments can be formed during digestion by grazers and have been used as an
indication of grazing pressure by mesozooplankton such as copepods. However, recent
studies have shown that there may be differences in protozoan and mesozooplankton
digestion efficiency that could lead to differences in the pheopigments produced (Strom,
1993). Re-ingestion of faecal pellets by protozoa and copepods can also lead of
pheopigments being further degraded to colourless products. This subject is covered in
more detail in section 1.7.2.
1.4 Photosynthesis
Photosynthesis is the process of light-harvesting by pigments in autotrophs. Light
energy is converted to chemical energy that can be used by algal cells for biosynthesis of
organic compounds for growth, and reproduction by cell division. A review by Dring
(1990) describes light-harvesting pigments as those which can contribute absorbed
energy to the photosynthetic process and proposes that chlorophyll a is the only pigment
that does this directly. Although other pigments can absorb light they have to channel it
9through chlorophyll a molecules based in reaction centres within Light Harvesting
Complexes (LHCS). Different types of algae contain different accessory pigments but
they all need to have chlorophyll a for photosynthesis to occur. Accessoy pigments
have their own individual light absorption spectnms. They increase the range of
wavelengths over which chlorophyll a can harvest light and make photosynthesis more
efficient. Carotenoids also protect the chlorophylls from excessive radiation produced
by strong sunlight.
Porra et al. (1997), in a more recent review of pigment biochemistry, describe the main
absorbing pigments as the chlorophylls, the carotenoids and the phycobilins. I the case
of eukaryotes, pigments are only able to take part in photosynthesis when they are
incorporated into pigment-protein complexes in the chloroplast. There are two types of
pigment-protein reaction centres called Photosystem I (PSI) and Photosystem I (PSII)
which are situated in the thylakoid membranes in chloroplasts (Figure 1.4).
According to Dring (1982), PSH contains most of the accessory pigments and
chlorophyll a molecules in complexes that absorb light energy at shoter wavelengths,
whereas PSI absorbs light energy at longer wavelengths. Green et al. (1984) describe
how 2 water molecules are split releasing O2, 4H" and 4 electrons (e`). The electrons are
excited by light energy in PSI1 or PSI to high energy levels where they are captured by
electron acceptors. The electrons pass down to lower energy levels in a series of
oxidation-reduction reactions via a chain of electron carriers. This electron ow results
in the production of ATP from ADP and inorganic phosphate by non-cyclic and cyclic
photophosphorylation, as well as NADPH2 from 2NADP, 4H", and e' via non-cyclic
photophosphorylation. The whole process is shown in Figure 1.5.
This stage of photosynthesis is called the light reaction as it is carried out in the
presence of light. Both the ATP and the NADPH2 formed in the light reaction are used
as chemical energy sources to fix CO2 in the dark reaction and by these two processes,
the light and the dark reaction, carbohydrates are formed for biosynthesis and cell
division.
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1.5 Phytoplankton Physiology
1.5.1 Effects of Temperature and Light on Algal Monocultures
Many studies have been carried out with algae to determine the effects of temperature
and light on growth and chlorophyll a production. The estuarine dinoagellate
Prorocentrum mariaelebouriae which undergoes increases in pigmentation and
photosynthetic efficiency within several days of decreased irradiance was studied by
Harding (1988) in combined temperature and light experiments using controlled
laboratory conditions. The temperature and light regimes matched those that the
phytoplankton would experience in their natural environment. Irradiance levels used
were 2.65 - 26.2 moles m`2 d`1 and temperatures were 10, 15 or 20°C. Results of the
experiments showed increasing cellular chlorophyll a at lower irradiances, presumably
to maximise photosynthesis, and decreasing cellular chlorophyll a at lower temperatures
as the rate of enzyme reactions slowed down.
Thompson et al. (1992) obtained similar results from a series of experiments carried out
under temperature regimes varying from 10 - 25 °C using 5 diatom and 3 flagellate
species. Light was kept at saturating levels so that photosynthesis was not limited by
light and only the temperature varied in these experiments. There was a general trend
with an increase in chlorophyll a per cell at higher temperatures. Thompson et al. ( 1992)
speculated that in general, low temperatures affected enzyme kinetics by lowering the
rate of biochemical reactions which decreases the maximum growth rate (Vmax) and the
half saturation constant (KS) so that the rates of enzymatic reactions should decline with
a Q10 of 2.0. However, the effect is not normally so marked as most species of
phytoplankton acclimatise to lower »temperatures by increasing the amounts of enzymes
available to take part in reactions.
The results of monoculture experiments carried out by Sosik and Mitchell (1994)
confirmed the response of cellular chlorophyll to changes in temperature. Sosik and
Mitchell (1994) investigated the effects of temperature on Dunalíella tertiolecta with
temperatures varying from 12 - 28 °C. They found that concentrations of chlorophyll a
in cells could increase by a factor of 2 with increased temperature. Cell volume was
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highest at the lower temperature (12 °C) but did not change to any significant extent
between the higher temperatures.
Goericke and Welschmeyer (1992) carried out monoculture experiments using the
marine diatom Thalassiosira weissogii and observed that a 110-fold increase in
irradiance (7.5 - 825 moles m`2 s") caused cellular concentrations of chlorophyll a and
chlorophyll c to decrease by factors of 5 and 20 respectively. This effect could have
been caused by energy being assigned to more carotenoid synthesis to alleviate damage
to chlorophyll from photoinhibition under high light conditions. The results of the
experiments supported the generally accepted hypothesis that at high irradiance levels
less chlorophyll a is produced by phytoplankton.
Shanley and Vargo (1993) used clones of Karenia brevis to determine changes in
cellular composition, growth, photosynthesis and respiration rates under varying light
conditions. Six levels of irradiance from 24 to 160 moles m`2 s" were used. Results
showed that cellular chlorophyll a concentration decreased exponentially with
increasing irradiance, with minimum chlorophyll a concentrations at 65 moles m`2 s".
Low light adapted populations needed 6 - 9 days to reduce their cellular concentrations
of chlorophyll a to levels equivalent to high light adapted cells after exposure to
increased irradiance.
Some laboratory studies indicate that there may be diel periodicities in the chlorophyll a
content of phytoplankton. Kohata and Watanabe (1988) carried out experiments with
Chattonella antiqua using a 12:12 light/dark cycle to determine changes in the
composition of pigments and cellular concentrations of carbon and nitrogen. The results
showed that mean cellular volumes, and the cellular content of nitrogen, carbon and
pigments, increased during the light period as a result of photosynthesis, and decreased
with cell division during the dark period. These changes indicate that pigment synthesis
and carbon assimilation occur together during the light period. Owens and Whitledge
(1980) came to the same conclusions using the marine diatom Skeletonema costatum.
In addition to cell cycles, diel changes in chlorophyll a concentrations may be observed
due to nocturnal grazing of phytoplankton by zooplankton (Petersen et al., 1990;
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Tiselius, 1988) or diumal vertical migrations of dinoagellates (Watanabe, 1983).
However, these effects would only be observed in natural populations and not
monocultures.
1.5.2 Effects of Temperature and Light on Monocultures of Algae
under Different Nitrogen Regimes
Coleman et al. (1988) and Riemann et al. (1989) published results of monoculture
experiments that measured changes in chlorophyll concentrations under different light
and nutrient regimes. Coleman et al. (1988) found no decrease in cellular chlorophyll a
using a species of Euglena under nitrogen deficient conditions except at high light
levels. In contrast, Riemann er al. (1989) used 4 different monocultures of microalgae
under a combination of nitrogen and phosphate regimes and found that chlorophyll a
content was low under nitrogen deficient regimes at constant light levels and was high
under exponential growth conditions.
Sakshaug et al. (1989) studied the effects of changes in daylength, irradiance and nitrate
concentration on the marine diatom Skeletonema costatum and found that for a given
irradiance and daylength, increases in the rate of supply of the limiting nutrient caused a
linearly proportional increase in the growth rate and the Chla:C ratio. I effect,
increases in dissolved inorganic nitrogen in the form of nitrate caused increases in
chlorophyll a production.
Sosik and Mitchell (1991) cultured Dunaliella tertiolecta under a variety of steady state
nitrate limited growth regimes and results showed that an increase in cellular
chlorophyll a was paralleled by an increase in cellular nitrogen. Cell size did not vary
systematically with growth rate and there was a decrease in cellular carbon
concentration. Chlorophyll a specific absorption of light was highest at low growth
rates due to decreased pigment content per cell.
Levasseur et al. (1993) examined the growth of monocultures of microalgae using
nitrate, ammonium or urea as the nitrogen source in light limited conditions and at light
saturation levels. When light was supplied at limiting levels, nitrate and ammonium
13
grown cells had similar growth rates and carbon and nitrogen cellular levels. At light
saturation levels nitrate grown cells contained less cellular nitrogen than those grown on
ammonium. Their results suggest that maximum growth rates of microalgae may be
limited by enzymatic processes associated with nitrate assimilation.
Experimental and analytical studies have been carried out to determine a relationship
between the C:Chl ratio, light, temperature and nutrients. In particular, Richard Geider
has produced a series of papers on this subject (Geider, 1987; Geider et al., 1996;
Geider et al., 1997). Geider (1987) studied the effects of changes in light regime under
constant temperature on a variety of monocultures of microalgae and cyanobacteria.
The results showed that C:Chl ratios increased linearly with increased irradiance. This
was in agreement with results from other studies where cellular chlorophyll a
concentrations decreased with increased irradiance. I the same experiment he also
investigated the effects of temperature Variations under constant irradiance and found an
exponential decrease of the C:Chl ratio a temperature increased. This also supported
results from previously cited studies where chlorophyll a concentration in cells
increased with increased temperature. A dynamic model was developed by Geider et al.
(1996) to predict the C:Chl ratio under differing light regimes in nutrient sufficient
conditions. It was hypothesised that under low light regimes more pigments would be
produced and under higher light regimes more biosynthetic apparatus and storage
reserves would be produced by cells. I this manner algal cells would be able to
reallocate carbon to biosynthesis or photosynthesis in order to maximise their growth
rate under a wide range of environmental conditions.
Another empirical model developed by Cloern et al. (1995) also described the ratio of
phytoplankton C:Chl as a function of temperature, daily irradiance and nutrient-limited
growth. The model was based on 219 published measurements of microalgal cultures
exposed to light or nutrient-limited growth conditions. However, the model can only be
used for species that have the potential for rapid growth such as diatoms and excludes
species such as dinoagellates.
Thompson er al. (1989) studied the diatom Thalassiosira pseudonana in semi-
continuous culture and compared the chlorophyll a content per cell under differing light
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conditions using either nitrate or ammonium as the nitrogen source. The results showed
that at photon ux densities < 29 moles m`2 s`1 cells grown on nitrate or ammonium
had equal concentrations of chlorophyll a per cell. At photon ux densities > 29 moles
m`2 s`1 growth rates were 8% lower for cells grown on nitrate. This may imply that
preferences for ammonium over nitrate will occur at higher light levels as it is easier to
utilise.
The results of experiments carried out by Mikaelyan and Belyaeva (1995) revealed that
different sizes of phytoplankton can have varying concentrations of chlorophyll per cell
and so species differences can occur. Changing environmental conditions can select for
different species and so it is important to consider which species of algae is dominant
when using C:Chl ratios.
Researchers often convert chlorophyll a concentration to carbon biomass using a
constant conversion factor. However, the results of the monoculture studies discussed
in this section show that the interactions between light, temperature, chlorophyll a and
nitrogen are complex and that the ratio of C:Chl cannot be assumed to be constant.
1.5.3 Regressions of Chlorophyll a Against Particulate Nitrogen
using Data from Monoculture Studies
Data obtained from the monoculture studies discussed in the previous two sections was
used to determine whether there was any discemible relationship between chlorophyll a
and particulate nitrogen (PN). The information was organised into a table which is
shown in Appendix I. All the phytoplankton data were originally combined for
regression analysis and a good fit was obtained with rz = 0.87, but it is possible that the
high chlorophyll a and PN values for dinoagellates were masking any spread between
the other data points (Table (l1)1 - (H)2 in Appendix II). Separation of data into
phytoplankton types without any regard for temperature, light or daylength differences
resulted in poor goodness of fit in the subsequent regressions (Table (II)1 - (II)2 in
Appendix II). Therefore the data were segregated into three categories to represent:
dinoagellates, green agellates and diatoms. The data was further divided into groups
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of similar temperature, light or daylength. Minitab version 9.2 was used to perform
linear and log/log regressions which are shown in Tables (H)3 - (H)l4 in Appendix II.
The sorted data showed that the yield of chlorophyll a (q) from PN in diatoms varied
between 0.90 - 2.25 g chl (mol N)`1, or 1.69 - 2.25 g chl (mol N)` if very low
and very high light levels were ignored (Tables (lI)3 - (II)10 in Appendix II).
Dinoflagellates contained high concentrations of both chlorophyll a and PN compared to
the other types of phytoplankton analysed. There was no overall relationship for
dinoagellates, and only one data set gave a significant regression with a yield of 2.00
g chl (mol N)`1 (Tables (II)11 - (II)12). Only one data set gave a significant
regression for green agellates and produced a high q value of 9.00 g chl (mol N)`1
(Tables (II)l3 - (II)14). Much of the data for green flagellates could not be regressed as
there were too few data points. A regression of diatom q versus light was significant
with rz = 0.78 (Table (lI)15.
I conclusion, a higher q was obtained for green agellates compared to diatoms and
dinoflagellates. The data sets for diatoms showed that there was a significant
relationship between q and light. The results of this regression analysis indicate that for
diatoms there could be significant seasonal differences in q due to changing
environmental conditions. There is also some indication that the value of q varies
between species, although more data sets would be needed to verify this.
1.5.4 Nitrogen Uptake bv Phytoplankton
1.5.4.1 Phytoplankton Growth and Uptake Kinetics
A review of the progress made in the modelling of algal growth and nutrient uptake
kinetics was produced by Droop (1983). Monod (1942) proposed a hyperbolic
relationship that described bacterial growth in terms of the concentration of the limiting
nutrient present in the external environment. The Monod equation is shown below:
16
*_"_m.S
KS+S
= specific growth rate
KS = half saturation constant
m = maximum specific growth rate
S = nutrient concentration
It is derived from a similar uptake equation and a constant yield (y) of biomass from
assimilated nutrient:
S
where u is uptake rate and umax is the maximum uptake rate.
These equations show a coupled relationship between growth in response to extemal
concentration of a limiting nutrient which assumes a fixed cell quota (Q = y"). In the
case of algae, Q is the concentration of nutrient per unit of biomass. However, this
model did not explain luxury uptake of nutrients which had been observed in studies
using phosphate, where uptake did not result in proportional growth (Ketchum, 1939).
Droop (1968) developed a model for vitamin B12 that coupled growth to Q defined as
B12 per cell (later clarified as per unit of biomass). In other words, growth was directly
proportional to the intemal concentration of the limiting nutrient rather than the external
concentration. The Droop cell quota equation is shown below:
Q
= specific growth rate
m = specific growth rate when Q is very large
kQ = subsistence quota necessary for growth
Q = cell quota
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This model explained the discrepancies of luxury uptake, with excess nutrients being
stored and available for growth and cell division even when extemal nutrient supplies
were low. Caperon (1968, 1969) working with the flagellate Isochrysis galbana, found
that growth was proportional to Q in nitrate limited chemostats suggesting an intemal
pool of nutrients that could be used for growth.
Droop also developed an equation that related uptake rate to Q, with the uptake rate of
the extemal nutrient concentration directly proportional to the internal nutrient
concentration within a phytoplankton cell. The uptake equation developed by Droop for
a limiting nutrient is shown below:
uL= _So.)
ks(u) _S0L)
C
fa
+12
/alâl
u;_ = uptake rate of the limiting nutrient
um1_ = the value of u[_ when SL is very large
SL = concentration of the nutrient in the medium
SOL = value of SL when u|_ is zero
kS()1_ = saturation constant for uptake
The Droop equations are generally accepted to be applicable working models for use in
nutrient growth and uptake experiments. The model has its critics (Goldman and
Glibet, 1983; Goldman and McCarthy, 1978) but tests of the model both in the field
(Marra et al., 1990) and under laboratory conditions (Jones et al., 1978(a)) have shown
it to be widely applicable.
1.5.4.2 Enzvmology of Dissolved Available Inorganic Nitrogen Uptake
Falkowski (1983) described the enzymology of dissolved inorganic nitrogen uptake.
Figure 1.6 illustrates the proposed pathways for the assimilation of nitrate, nitrite and
ammonium by phytoplankton.
The inorganic nitrogen species is transported into the cell by active transport
mechanisms using ATP as an energy source. _ Nitrate has to undergo two reduction
processes before it can be assimilated. The first reduction process converts nitrate to
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nitrite using the enzyme nitrate reductase and this takes place in the cell cytoplasm. The
second reduction occurs in the chloroplast where nitrite is reduced to ammonium by the
enzyme nitrite reductase. More energy has to be expended by phytoplankton cells to
assimilate nitrate or nitrite than ammonium, which by-passes the reduction step(s).
Once ammonium has been produced it is incorporated into glutamate by glutamine
synthetase and forms glutamine. A final reduction process carried out by ot-
ketoglutamate forms two molecules of glutamate which are then used for amino acid
synthesis. More processes that involve interactions between ammonium and nitrate are
described by Flynn et al., 1997 and Flynn and Fasham, 1997.
1.5.4.3 Number of Uptake Sites and Size of Phvtoplankton
Uptake of nitrogen has two components. Firstly, the rate of uptake depends on the
number of uptake sites, secondly there is a diffusion zone around phytoplankton through
which nutrients have to travel to reach the uptake sites.
Results of nutrient uptake studies in the laboratory have revealed that more nutrient
uptake carriers may be synthesised under nutrient limited conditions than in nutrient
sufficient conditions. This physiological adaptation by phytoplankton would allow
rapid uptake of limiting nutrients when they become available after a time of starvation.
The response was noted by Riegman et al. (1990) when they used nutrient uptake
kinetics as a tool to measure the response of phytoplankton collected from the North Sea
to pulses of nitrate.
Nitrogen deficiency caused increased production of the enzyme nitrate reductase in
Chlorella stigmatophora in studies by Everest et al. (1986). Results suggested that the
enzyme may be produced at the expense of other proteins and pigments to promote
maximum uptake rate when nutrient limitation is occurring. Alternatively Dortch et al.
(1984) suggested that nitrate reductase inhibitors build up in nutrient sufficient cells, but
under conditions of nutrient limitation the synthesis of these inhibitors could be
suppressed allowing an increase in nitrate reductase to occur.
The results of studies undertaken by Stolte et al. (1994) indicated that diffusion
limitation of nutrient uptake favours smaller phytoplankton with a larger surface to
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volume ratio. According to Lazier and Mann (1989) the zone of molecular diffusion
surrounding a phytoplankton cell is approximately 10 x radius of the cell, therefore
smaller cells have thinner diffusion layers which are less of a barrier to nutrient
transport than the thicker diffusion layers of larger cells.
1.5.4.4 Storage of Excess Nitrogen
When nitrate levels in the surrounding environment are high, for instance at the
beginning of the Spring bloom, storage of excess nitrogen can occur. This process is
referred to as an uncoupling of uptake from growth. Marra et al. (1990) studied the
response of phytoplankton to a wind generated mixing event in the Sargasso Sea.
Results showed strong evidence that nutrient uptake and cell growth were uncoupled.
Studies by Dortch (1982) and Dortch et al. (1984) showed that in nitrogen sufficient
cultures, some phytoplankton could perform up to 3 cell divisions on internally stored
nitrogen. Dortch et al. (1985) used natural populations of phytoplankton for studies
both in the laboratory and in situ to investigate nitrogen storage and the use of ratios of
various nitrogen containing compounds as physiological indicators of nutrient status of
the cell. The nitrogen was stored as inorganic nitrogen, free amino acids, excess RNA,
and excess protein (some associated with pigments), which could be diverted into
growth when they were not needed for their primary purpose in nitrogen-deficient cells.
Their results showed seasonal variations in chemical composition of phytoplankton with
intemal inorganic nitrate levels higher during a phytoplankton bloom when nitrate and
light levels were sufficient. They also noticed that larger species of phytoplankton, such
as diatoms, that seemed to have greater nitrate storage capacity than other species tended
to dominate when nitrate concentrations in the surrounding environment were high. The
main nitrogen component in cells was protein but there was an unidentifiable source of
nitrogen present in phytoplankton which increased significantly as phytoplankton
became more nitrogen limited from Spring to Summer.
Results of studies by Thoresen et al. (1984) indicated that uptake rates and intracellular
pool sizes of nitrogen were affected by pH of the extemal media. This could occur as
H* and OH` are used in ion transport mechanisms that are associated with phytoplankton
metabolism.
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The results of studies by Stolte et al. (1994) revealed that larger algae were better
competitors for pulses of nitrate than smaller algae as they have a greater storage
capacity. In discontinuously diluted nitrogen-limited cultures pulsed with nitrate every
three days, specific nitrate uptake was related to cell volume. The relationship was
described by the equation:
Specific uptake rate (h`) = 0.0303 x (cell volume (m3))0'214
The equation appears to be contrary to diffusion limitation theory which predicts that
uptake of nutrients is more efficient with decreasing phytoplankton size due to a
corresponding decrease in the thickness of the molecular diffusion zone surrounding the
organism that the nutrient has to pass through. I other words, uptake is a negative
function of cell radius of cell radius in diffusion theory, not a positive function as the
above equation implies. According to Stolte er al. (1994) the difference could be due to
the fact that with fluctuating concentrations of nitrogen, nitrate was occasionally at
saturating levels, and that under these circumstances diffusion limitation is not the only
controlling factor in uptake. Maximum uptake rate and storage are also important under
these conditions. There was no corresponding relationship between ammonium uptake
and cell volume.
1.5.4.5 Ammonium vs. Nitrate Uptake: Inhibition and Preference
Dotch (1990) reviewed the literature for information concerning interactions between
the rates of uptake of nitrate and ammonium. He divided interactions between the two
inorganic nitrogen sources into inhibition and preference. He observed that it is often
assumed that ammonium concentrations > lM will inhibit the uptake of nitrate, but
that a close look at the literature revealed that this was not always the case, and that
when it did occur it was not normally complete, and some uptake of nitrate still
occurred.
The degree of inhibition can only be assessed by comparing uptake rate in the absence
of the inhibiting nitrogen source and uptake rate in the presence of increasing
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concentrations of the inhibitor. Dortch (1991) performed inhibition experiments in this
way using Thalassiosira pseudonana as a test organism. Inhibition of nitrate uptake
was observed at ammonium concentrations > 1 M, but was rarely complete.
Ammonium uptake was not inhibited by the presence of nitrate.
Preference for a particular nitrogen source by phytoplankton can only be assessed by
measuring nitrate uptake in the absence of ammonium, and ammonium uptake in the
absence of nitrate. Preference for ammonium can be demonstrated by a high Vmax and a
low Ks compared to nitrate. Dotch (1991) performed experiments to test preference
once more using Thalassiosira pseudonana as the test organism. Ammonium was the
preferred nitrogen species but uptake varied depending on the type of pre-conditioning
nitrogen source.
The review by Dotch (1991) showed that inhibition and preference of nitrate were
variable but inhibition was enhanced by low light conditions and high concentrations of
ammonium. He noted that ammonium uptake appeared to be less light dependent than
nitrate uptake with higher dark uptake rates and less variability with light irradiance but
that there were exceptions. There were also species differences apparent that made it
difficult to generalise on the relationship between ammonium and nitrate.
Davies and Sleep (1989) used a nitrogen limited axenic culture of Skeletonema costatum
to test its response to pulses of ammonium and nitrate. The results showed that
ammonium and nitrate were equally effective as sources of nitrogen for chlorophyll a
biosynthesis even though ammonium was taken up quicker. They found that cellular
chlorophyll a produced was linearly correlated with cellular nitrogen regardless of the
nitrogen source.
Stolte et al. (1994) performed a series of experiments using mixtures of cultured
phytoplankton. They wanted to determine whether nitrogen source had an effect on the
dominance and size of phytoplankton and used pulses of ammonium and nitrate to do
this. With ammonium there was no significant relationship to cell volume although
interspecific differences occurred. Small and large cells both had high ammonium
uptake rates. I competition experiments large algae became dominant with nitrate as
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the only nitrogen source but not with ammonium as the only nitrogen source.
Sterilisation of the sea water used in the experiments was performed but some bacteria
were occasionally counted in the medium, however the levels were so low that
competition for ammonium by bacteria was presumed to be insignificant.
1.5.4.6 Uptake of Nitrogen in the Dark
Nitrate uptake by phytoplankton requires a source of energy, and is generally thought to
be strongly light dependent. However, the results of studies undertaken by Marra et al.
(1990) in the Sargasso Sea showed that day and night variations in uptake did not occur.
Diatoms have been shown to assimilate nitrate at night, especially under nitrogen
deficient conditions. There is evidence for dark uptake from natural population studies.
Watanabe (1983) studied the red tide agellate Heterosigma akashiwa and found that it
could take up both nitrate and phosphate in the dark.
Bhovichitra and Swift (1977) speculated that phytoplankton able to assimilate dissolved
inorganic nitrogen in the dark would have a distinct competitive advantage as they could
access increased concentrations of ammonium produced by diurnally migrating
zooplankton. This would, of course, depend on how important this source of dissolved
inorganic nitrogen was in relation to other sources of dissolved inorganic nitrogen such
as that obtained by bacteria] degradation processes. Uptake of ammonium has the
additional advantage of requiring less energy than nitrate uptake.
1.6 An Overview of the Interactions between
Microplankton and the Environment in Coastal
Ecosystems
1.6.1 Light., Nutrient and Mixing Theory
The relationship between light, turbulent mixing and phytoplankton growth was
described and discussed by Tett (1990). The depth that light can penetrate through the
water column and turbulent mixing of water detennine the maximum depths at which
phytoplankton can grow. Phytoplankton need light for photosynthesis. The depth at
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which photosynthesis equals respiration totalled over 24 hours is called the
compensation depth. Turbulence can take phytoplankton below the compensation depth
and growth can only occur if the cumulative photosynthesis exceeds the cumulative
respiration in the surface mixed layer (SML). When the depth of the SML equals a
calculated critical depth, photosynthesis equals respiration within a phytoplankton cell
circulated through this layer. I the SML is deeper than the critical depth then blooms
cannot occur. Figure 7 shows an example of how changes in the thickness of the SML
and the calculated critical depth can promote bloom conditions. The relationship
between the compensation depth and the critical depth and how they affect
phytoplankton growth was investigated by Gran and Braamd (1935) and Sverdnp
(1953). As light travels through the water it is absorbed by any suspended particles
including phytoplankton and detritus, as well as the water itself and in this way
iradiance decreases with depth. Marshall and Orr (1928) used suspended cultures of
diatoms to measure changes in compensation depth in the sea and concluded that it
changed in response to environmental conditons. Hence, the compensation depth can be
variable and changes with season. I coastal waters there can be large amounts of
resuspended material in the water column due to turbulent mixing and compensation
depth can be shallower than in the clearer ocean waters. Some wavelengths of light are
absorbed more strongly than others and scattering and reection of light can occur.
Higher wavelengths of light have higher extinction coefficients and are rapidly
absorbed. Phytoplankton can only assimilate light between 400 nm - 700 nm and light
present between these wavelengths is called photosynthetically active radiation (PAR).
In addition to light, phytoplankton need nutrients, especially nitrogen, phosphate and (in
some cases, e.g. diatoms and silicoagellates) silicate. I 1996 Mann and Lazier wrote
a book that described the interactions of turbulent mixing, light and nutrient distribution
and their importance in determining the dynamics of phytoplankton ecology. The
classical view of the mechanism of the Spring bloom in temperate waters which are
easily stratified is described below.
During Winter the water is well mixed by tides and winds, and nitrate is brought up to
the surface waters from deeper water so that nutrient levels throughout the water column
are high. Low light levels combined with the fact that the SML is deeper than a
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calculated critical depth results in low phytoplankton biomass at this time of year.
Nitrate mixed into the Water column from the deep water during the Winter Which is
available for uptake during the Spring is called new nitrogen (Dugdale, 1967). I
coastal Waters new nitrogen can consist of ammonium and nitrate inputs from many
allochthonous sources such as sewage, fish farms or river run-off.
As Spring approaches there is more sunlight and the surface Waters heat up enough for
weak stratification to occur effectively decreasing the depth of the SML and trapping
phytoplankton and high nutrient concentrations in the illuminated surface Waters
creating conditions in which a Spring bloom can occur. I UK Waters the Spring bloom
is dominated by phytoplankton species that can quickly utilise the high nitrate
concentrations and are adapted to the variable and low-light conditions that occur due to
turbulent mixing i.e.diatoms. These species tend to have a low C:Chl ratio under these
environmental conditions. As the nitrate becomes depleted and copepod numbers
increase, there is a decrease in phytoplankton biomass, and the end of the bloom occurs.
The classical view of copepod grazing is that copepods graze diatoms down at the end
of a bloom, but the impact of copepod grazing can be variable. In the Western Irish Sea
approximately 50% of the Spring bloom can be grazed down by copepods, Whereas in
some areas of the North Sea it can be as low as 3% (Gowen et al., 1999).
The dominance of diatoms declines either through grazing by mesozooplankton and/or
protozoa, sinking, or nitrate depletion and they are succeeded by agellates which are
better adapted to low nutrient conditions due to high surface to volume ratios. During
the Summer thermal stratification of the Water can occur, nitrate decreases and
ammonium (heterotrophically regenerated nitrogen) becomes the main nitrogen source
for phytoplankton growth. Biomass of phytoplankton tends to be greatest Within the
thermocline where light is sufficient and nutrients tend to accumulate. Additionally,
small internal mixing events can bring nitrate from deeper waters up into the
thermocline.
As Autumn approaches turbulent mixing can sometimes produce another smaller short-
lived bloom as nutrients are entrained up from below the thermocline. As temperatures
fall the thennocline is overtumed and phytoplankton biomass once more decreases.
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In coastal environments interactions between microplankton and the environment can be
complicated by the shallowness of the water column, stratification due to fresh water
inputs, estuarine circulation and tidal mixing.
1.6.2 The Nitrogen Cycle in Marine Environments
A pictorial overview of the nitrogen cycle was presented by Millero and Sohn (1992)
and is shown in Figure 1.8. A good description of the processes of biogeochemical
cycles was given by Schlesinger (1997). Different components of the nitrogen cycle are
more important in some marine environments than others and coastal areas tend to have
more complex and varied nitrogen cycles than oceanic waters (Nixon and Pilson, 1983).
This can be due to the depth of the water column allowing greater interactions with the
sediments, the degree of advection with oceanic waters, as well as the additional
enrichment that can occur from anthropogenic inputs. However, there are seasonal
patterns in the partitioning of nitrogen that reect changes in the biological components
of marine ecosystems.
The marine nitrogen cycle involves biological, geological and chemical processes and is
therefore called a biogeochemical cycle. Molecular nitrogen transfers from the
atmosphere into the water column at the water/air interface through diffusion or it can
be fixed by some organisms such as cyanobacteria that use it as source of DAIN, nitrous
oxide gases can also diffuse into the oceans from the atmosphere. Bacterial nitrification
processes in the sediments and the water column nitrite or ammonium to nitrate.
Nitrogen is returned to the atmosphere via bacterial denitrification processes in the
sediments that transforrn nitrate into nitrous oxide and dinitrogen. Acid rain is
increasingly adding nitrate to the oceans, as is land run off that contains nitrate from
fertilisers used in agriculture. Additionally, river water can be enriched by ammonium
or nitrate from anthropogenic discharges. In between the nitrification and denitrification
processes nitrogen is present in a variety of forms and can take part in many biological
processes.
Studies of the cycling of nitrogen have recently been undertaken by many researchers
(Owens, et al., 1986; Owens et al., 1990; Borkman and Turner, 1993; L'Helguen et al.,
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1996; Sanders et al., 1997). During the Winter, when phytoplankton biomass is low,
studies carried out by Brockmann et al. (1990) in the North Sea revealed high
concentrations of DAIN in the water column often in the form of nitrate with low levels
of paticulate nitrogen (PN) and dissolved organic nitrogen (DON). Humic bound
nitrogen may be important in coastal areas, especially where catchments are dominated
by forests and Winter run off from the land is high. Humic bound nitrogen can be
mineralised to ammonium by bacteria and can then be utilised by autotrophic
microplankton (Carlsson and Graneli, 1993).
During the Spring the biomass of larger phytoplankton increases and more of the
nitrogen is present in the ecosystem as PN with concentrations of nitrate decreasing as it
is assimilated by algae culminating in the Spring bloom. Mesozooplankton grazing of
the bloom can occur after a time lag, especially by copepods, and its impact can be
variable and can depend on location. I grazing pressure is high enough (protozoan
and/or mesozooplankton) to deplete the bloom then much of the phytoplankton PN will
be assimilated by zooplankton and can be excreted as ammonium or sink to the
sediments in faecal pellets or as dead biomass as the organisms die. Biomass of
zooplankton can be eaten by fish. I grazing is not intense enough then much of the
nitrogen contained in phytoplankton will sink to the sediments. Coagulation of
phytoplankton can occur at the end of a bloom as algae can excrete polysaccharides
which make them stick together and this can increase sinking rates (Kiorbe et al., 1990).
During the Autumn a second bloom can occur as mixing with deep water causes the
nitrate levels in the SML to increase.
In the sediments decomposers can break down organic nitrogen and it can be
remineralised. According to Officer and Ryther (1980), decomposition can be
accomplished within 9-13 days. Sediment processes are often greatest after the Spring
bloom when large amounts of organic nitrogen is deposited. Lohse et al. (1993) studied
sedimentation processes in the North Sea and found that denitrification and nitrification
processes were highest after blooms and were tightly coupled. However, nitrification
processes can be suppressed when sedimentation of bloom biomass is large as this can
produce anoxic conditions and oxygen is needed if nitrification processes are to occur.
Jensen et al. (1990) studied sediments in Aarhus Bight (Denmark) for seasonal changes
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and found that large amounts of bloom material caused anoxic conditions to prevail
preventing nitrification processes from occurring and large concentrations of ammonium
were released from the sediments (1.5 mmol N m`2 d`l) whilst nitrate was actually taken
up from the water by the sediments at a rate of 0.8 mmol N m`2d`1 to fuel denitrification
processes. A similar effect was observed by Trimmer er al. (1999). This may have
important consequences for the removal of anthropogenic inputs of nitrate from marine
ecosystems into the atmosphere via the sediments in areas where eutrophication is
occurring. If anthropogenic inputs of nitrate produce a large algal bloom which
sediments out then denitrifying processes may remove some of the deep water nitrate
and return it to the atmosphere. It can be speculated that in this manner some
ecosystems with high nutrient loading may develop some kind of equilibrium between
dissolved inorganic nitrogen inputs and losses. Grazing by mesozooplankton releases
DON into the water column as they are sloppy eaters', autolysis of algal cells can also
occur at the end of a bloom because of cellular stress brought on by nutrient deficiency,
in addition viral infection may also cause algal cells to lyse (van Boekel et al., 1992;
Bratbak et al., 1993). This DON can be utilised quickly by bacteria, and at the end of a
Spring bloom bacterial biomass can add substantially to the PN in an ecosystem. In
studies of the Pacific Ocean, Suzuki et al. (1985) found that DON concentrations were
22 - 43 M in the surface Waters and 5 - 8 M in deeper Waters. The sum of DON and
DAIN was relatively unchanging with depth suggesting that regeneration of DAIN from
DON was occurring.
During the Summer, nitrate concentrations are low and most of the DAIN is present as
ammonium from remineralisation mainly by protozoa and bacteria. Most of the PN is
incorporated into microplankton biomass. Remineralisation of DAIN in the form of
ammonium can occur during the Summer through protozoan and bacterial activity but
concentrations are kept low as it is quickly tumed into phytoplankton PN. High grazing
pressure by protozoa (heterotrophic agellates and ciliates) keeps PN contained in
phytoplankton biomass low. The grazed PN is transformed and released back into the
water column by protozoa as excreted ammonium or as DON contained in faecal pellets.
DON in the small faecal pellets can be remineralised efficiently by bacteria as the pellets
do not sink fast.
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Calculating accurate nitrogen budgets for a marine ecosystem requires an understanding
of the processes that cause seasonal changes in the form of nitrogen. Brockmann et al.
(1990) studied the North Sea and discussed the importance of recognising seasonal
changes in nitrogen budgets. They recommended time-series studies which
incorporated figures for uptake and remineralisation rates and measurements of all the
nitrogen components present in an ecosystem, organic and inorganic. Tett and Walne
(1995), also studying the North Sea, discussed the problems involved in the modelling
of nitrogen budgets for marine ecosystems, in particular, deciding on how much
complexity to include in a model. Any improved efficiency of a model to make
predictions that match observations will depend on the reliability of present scientific
understanding of the complex interactions in the sea as well as the accuracy of data used
to parametrise the models. Increased numbers of parameters may increase the potential
for error.
1.6.3 Pelagic Food Webs
Classically, two types of food web are used to describe biological interactions in marine
pelagic ecosystems: the herbivorous food web and the microbial loop. The herbivorous
food web can be dominant during the Spring bloom. Abundant phytoplankton biomass
is grazed by mesozooplankton, especially copepods, which are then eaten by fish. In
this manner allochthonous nitrogen inputs, especially in the form of nitrate formed in
deeper Waters and redistributed throughout the water column during Winter mixing,
have classically been viewed as controlling the export of production out of the euphotic
zone after the Spring bloom. High sedimentation rates of diatoms after a Spring bloom
would also augment the export of carbon (Wassman, 1991) and nitrogen.
Autochthonous regenerated nitrogen consists of nitrogen that is recycled by micro-
organisms and which can be used for maintenance of phytoplankton biomass (Dugdale
and Goering, 1967; Eppley and Peterson, 1979). The classical view is that it is
especially important during the Summer in coastal ecosystems when allochthonous
inputs of nutrients are low and the microbial loop is prevalent. The term microbial
loop' was originally used by Azam (1983) to describe the pathway of energy and matter
from DOM - bacteria - protozoa 9 metazoa. It has also been used to describe the
almost closed system of nutrient recycling that occurs in ecosystems dominated by
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heterotrophic bacteria that utilise regenerated nitrogen from protozoan grazers
(Rassoulzadegan, 1993).
This type of microbial loop may be more prevalent at the end of blooms where lysis of
phytoplankton cells can release large concentrations of dissolved organic matter into the
pelagic environment (Van Boekel et al., 1992; Brussaard er al., l995(a)). Altematively,
humic additions from organic enrichment may stimulate the closed system for a while
(Carlsson er al., 1995).
An excellent review of trophic interactions within the plankton was written by Legendre
and Rassoulzadegan (1995). Legendre and Rassoulzadegan (1995) described pelagic
food webs in terms of a continuum going from the herbivorous at one extreme to the
microbial loop at the other with graduations in between. The continuum contains a
gradual coupled decrease in the impact of the herbivorous food web and an increase in
the impact of microbial loop interactions. Trimmer er al. (1999) found that 24% of the
Spring bloom in the westem Irish Sea came from recycled nitrogen. Legendre and
Rassoulzadegan (1995) viewed the extremes as being inherently unstable and transient
with the intermediate food webs being more stable and longer lasting in nature.
More open microbial food webs can contain: the picoplankton (0.2 to 2 m) and the
nanoplankton (2 to 20 m) in addition to bacteria and protozoa. These food webs can
contain heterotrophic dinoflagellates that graze on microplankton, including chains of
diatoms, zooagellates that graze on bacteria, cyanobacteria and dissolved organic
matter; and ciliates that graze on bacteria, phytoplankton and zooagellates. Protozoa
can also graze on detritus, and may be omnivorous. Hence, trophic interactions within
the microplankton can be very complex. These types of microbial food webs may
become dominant under more stratified conditions when most of the nitrogen is present
as regenerated nitrogen. However, there is growing evidence that the microbial food
web is active throughout the year but that the reproduction rate of protozoa is similar to
or greater than their prey and thus algal biomass is kept low (Riegman et al., 1993). The
dynamics of the microbial food web in pelagic ecosystems is shown in Figure 1.9.
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Bacteria and phytoplankton can have a mutualistic relationship. Phytoplankton exude
reduced carbon in the form of polysaccharides which can be used as a substrate by
bacteria. High levels of protozoan grazing on phytoplankton would produce extra
utilisable carbon for bacteria as they are sloppy eaters' (Peduzzi and Herndl, 1992).
Bacteria can regenerate nitrogen in the form of ammonium which can be rapidly taken
up by phytoplankton. Bacteria and phytoplankton can both use ammonium regenerated
by zooplankton as a nitrogen source but bacteria have low Vmax and Km (low ow)
uptake systems for ammonium whilst phytoplankton have high Km and high Vmax (high
ow). This means that bacteria can compete effectively with phytoplankton for
ammonium when it is present in low concentrations (Azam and Smith, 1991).
Caron et al. (1988) speculated than if levels of ammonium are low then bacteria would
become competitors of phytoplankton for regenerated ammonium. Hopkinson et al.
(1989) proposed a model in which the role of bacteria as remineralizers decreases as the
C:N ratio increases. High C:N ratios can occur if nitrogen becomes limiting which may
result in less DON being available for bacterial uptake. Under these circumstances
bacteria may compete with algae for regenerated ammonium.
There is much speculation about the exact relationship between bacteria and
phytoplankton but some researchers, such as Azam and Smith (1991), envisage a
microenvironment surrounding the phytoplankton cell with bacteria physically attached
to polysaccharides attached to the cell surface. The high bacterial concentrations around
the phytoplankton would encourage zooflagellates which graze on bacteria and
ammonium excretion would be enhanced in these patches. Figure 1.10 shows this
hypothetical community.
The importance of microbial food web interactions and their complexity is generating a
lot of research at present. A simulation model of the North Sea called the European
Regional Seas Ecosystem Model (ERSEM) incoporated complex nutrient dynamics and
microbial interactions that predicted a shift from the classical food web nearer the coast
to the microbial food web in offshore deeper waters as microbial loop efficiency gradual
decreased (Baretta-Bekker et al., 1995).
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1.6.4 Interactions of Nutrients in Eutrophic Waters
As previously discussed, phytoplankton have a requirement for both nutrients and light
but the exact nature of this requirement can vary with species. Diatoms require silica
which is incorporated into the structure of their cell walls. Depletion of this nutrient
during bloom conditions can cause the decline of diatom blooms. Egge and Jacobsen
(1997) published results of large mesocosm experiments which utilised post-bloom
seawater containing low phytoplankton biomass. The mesocosms were made of
polyethylene and allowed 90% ambient PAR penetration. Enrichment experiments were
carried out adding excess nitrate, phosphate and silicate (NPS) to some enclosures, but
only nitrate and phosphate (NP) to others. The blooms that followed were dominated by
different species: those that occurred in the NPS enclosures were dominated by
diatoms; those in the NP enclosures were dominated by the coccolithophorid Emiliania
huxleyi. Hence, although diatom blooms declined due to lack of silicate, blooms of
other species were able to take their place. This change in dominant bloom species from
diatoms to agellates has been observed in some coastal areas which have long-term
data series for phytoplankton abundance and composition (Cadée and Hegemann, 1986;
Smayda, 1990), and the most probable cause has been changes in Si:N ratio (Officer and
Ryther, 1980; Egge and Aksnes, 1992). This implies that silicate depletion will not
necessarily lessen the impact of blooms when excess nitrogen is added to coastal
environments but may change the bloom species.
Escaravage er al. (1996) studied the effects of phosphate on marine phytoplankton
biomass by using natural populations collected from the Oosterschelde estuary in the
Netherlands during the Spring bloom. Some mesocosms were enriched with phosphate
and others were not. The species dominating the blooms changed: Phaeocystis sp. were
succeeded by diatoms in enclosures with low phosphate concentrations, but, in addition,
in all enclosures maximal primary production occurred where phosphate levels were
highest. They concluded that a reduction in the phosphons loads to eutrophic coastal
waters may determine a proportional reduction in the primary production.
Dortch (1991) (section 1.5.4.5) undertook experiments using ammonium and nitrate
which indicated that inhibition of nitrate uptake could occur when the concentration of
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ammonium in seawater was in excess of 1 M. Theoretically, ammonium inhibition
may decrease the uptake of nitrate in eutrophic coastal waters depending on the ratio of
the two nutrients. If the microbial food web has a high metabolic tumover then large
amounts of regenerated ammonium could be produced which could inhibit uptake of
nitrate as well as being preferentially taken up by phytoplankton. This situation may
occur in high nitrate/low chlorophyll marine environments such as the Antarctic (Probyn
and Painting, 1985; Mitchell and Holm-Hansen, 1991). Hypothetically, the
concentrations of ammonium that are produced in a coastal environment may determine
how large an impact additional anthropogenic discharges of nitrate will have on
phytoplankton production, but the impact will probably still change seasonally. There
would appear to be a need for more research into the interactions between ammonium
and nitrate and how they effect the growth of phytoplankton.
Hecky and Kilham (1988) reviewed some of the evidence that led to the conclusion that
freshwater ecosystems were generally phosphate limited for phytoplankton growth, and
drew attention to the fact that the same vigorous experimentation on marine ecosystems
has not so far been carried out to determine which nutrient is limiting. I open oceans
light limitation may play the major role, in coastal waters there may be a complex
inteplay between various potentially limiting nutrients such as nitrogen, silicate,
phosphate and some trace elements which are essential for algal growth. The debate
about the role of nitrogen as a limiting nutrient in marine habitats is ongoing and
unresolved at present, but in the UK it is generally accepted that nitrogen is the limiting
nutrient in coastal waters.
1.7 Measuríng Pigments
1.7.1 Extraction Techniques
A recent evaluation of techniques used for the extraction of pigments from
phytoplankton was undertaken by Wright et al. (1997). Water samples are filtered onto
a suitable filter paper, such as Whatman GF/F, prior to extraction. Solvents are used to
extract pigments from algal cells, but the process can have varying efficiencies
depending on the chemical properties of the pigments and the type of material contained
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in the cell walls, both of which vary between species. The solvent needs to be able to
penetrate the cell wall and solubilise the cell membrane surrounding the chloroplast in
order to liberate the chlorophyll. There are a number of solvents and combinations of
solvents in use which have varying efficiencies depending on the type of extraction
technique they are coupled with. There is a need for caution when working with
solvents as they are skin irritants and highly inflammable if not diluted. The two major
solvents in use are water dilutions of acetone, and 100% methanol, but there are many
other solvents to choose from. The choice of solvent will in part depend on the number
of samples to be analysed. Safety of the operator and speed of processing need to be
considered in a routine method as well as precision. There are three main solvent
extraction techniques in use. Soaking in a solvent is the most common method but is
time consuming - soaking in 90% acetone needs to be done ovemight. The length of
time involved also increases the chances of chlorophyll degradation occurring. Grinding
physically breaks open the cells and can be done with a motor-driven pestle in a glass
homogenisation tube. Problems with this method are that gaps between the pestle and
the sides of the tube have to be at a correct width to accommodate the filter paper and
sample can be lost in the transfer from the homogeniser to a centrifuge tube. Sonication
disrupts cells by the use of ultrasonic shock waves and can produce high levels of heat
very quickly. There is great variability between efficiencies of different sonicators and
if the extraction time is too long degradation of pigments can occur.
Experimental laboratory comparisons of different combinations of solvents and
extraction techniques by Wright et al. (1997) determined that sonication in dimethyl
formamide gave the best results overall but associated safety problems meant that it was
not suggested for routine use, especially at sea, instead sonication in methanol was
recommended.
1.7.1.1 Comparisons of Spectrophotometrv, Fluorometrv and HPLC
The three main techniques of measuring pigments are by spectrophotometry,
uorometry and high performance liquid chromatography (HPLC). Several researchers
have devised their own methods of using these techniques with variable results.
Lorenzen and Jeffrey (1980) tested a selection of methods and concluded that due to
interference from pheopigments, which are chlorophyll a degradation products, high
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precision of pigment analysis could only be achieved with thin layer chromatography
(TLC) or HPLC. There have been many other comparisons of efficiency using pure
pigments extracted from monocultures of algae as standards (Neveux et al., 1990;
Barlow et al., 1990; Lutz and Carreto, 1991). The most recent comparison was made by
Mantoura et al. (l997(a)) who used 29 microalgal extracts, and 14 seawater and
sediment samples to evaluate one uorometric and three spectrophotometric methods.
For estuarine and coastal waters the review recommended that the spectrophotometric
method developed by Lorenzen (1967) be used which calculates total chlorophyll and
total pheopigments in acetone extracts. Total chlorophyll a includes chlorophyll a and
chlorophyllide a and total pheopigments includes pheophorbide a and pheophytin a.
The uorometric method lowered the estimate of chlorophyll a and increased the
estimate of pheopigments due to interference by chlorophyll b. However, this may not
be a problem in coastal waters as chlorophyll b is generally present in very low
concentrations.
HPLC was recommended for analysis of phytoplankton and detrital pigments in all
natural waters as it physically separates out pigments from each other. Pigments are
identified by their retention times as they pass down a column and elute after a series of
adsorption/desorption processes within the prepared column. The retention time will
depend on the chemical composition of the pigment, however some pigments have
similar retention times and coelute and so absorption spectra are also used in
conjunction with HPLC to help identification. Quantification is by peak area and high
purity standards are used for comparison and identification (Suzuki et al., 1997).
HPLC is not used routinely for monitoring coastal waters for chlorophyll as it is fairly
costly, spectrophotometry and uorometry are widely used. Bianchi et al. (1995)
measured chlorophyll a and pheopigments in the Gulf of Mexico using HPLC and
uorometric methods, they found that the uorometric method underestimated
chlorophyll a concentrations at all sample stations except one by 30%. Gowen and Tett
(1983) obtained similar results using samples collected from Loch Etive and Loch
Creran. For routine chlorophyll a measurements and total pheopigment concentrations
the spectrophotometric method of Lorenzen (1967) would appear to be the most
workable, with HPLC used for more detailed pigment analysis.
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1.7.2 Pigment Budgets
A model describing the dynamic budget of chlorophyll and pheopigments in the
euphotic zone was developed by Welschmeyer and Lorenzen (l985(a)). Research was
carried out in a temperate fjord and in the Central Pacific gyre to compare differences in
pigment budgets in productive and oligotrophic waters. They studied the processes
controlling the daily production and fate of phytoplankton pigments to determine which
were important. The budget included phytoplankton growth, mesozooplankton and
protozoan grazing, downward vertical ux of pheopigments (in faecal pellets),
photodegradation, dark degradation, cell sinking, cell senescence and physical mixing.
The dominant processes are shown in Figure 1.11.
Welschmeyer and Lorenzen (l985(a)) assumed that 1 mole of ingested chlorophyll a
was converted to 1 mole of pheopigments based on the experimental results of Shuman
and Lorenzen (1975). Welschmeyer and Lorenzen (l985(a)) found little pheophytin a in
the pheopigments that they analysed, it was mostly pheophorbide a and so they also
assumed that total pheopigments was equivalent to total pheophorbide a. The molecular
weights of chlorophyll a and pheophorbide a are respectively 894 and 593, the
molecular weight difference is due to the loss of the phytol *tail* from the chlorophyll a
molecule. Welschmeyer and Lorenzen (l985(a)) converted the measured pheopigment
concentration to chlorophyll equivalents by multiplying by 1.51. Welschmeyer and
Lorenzen (l985(a)) developed equations to determine grazing rates of protozoa and
mesozooplankton from measurements of pheopigments and growth rates of
phytoplankton based on chlorophyll concentrations.
Welschmeyer and Lorenzen (l985(a)) found that processes controlling the formation
and fate of chlorophyll a and pheopigments were dissimilar. The ratio of
chlorophyll:pheopigments decreases with depth due to the photodegradation of
pheopigments in surface waters. They used sediment traps to determine how much
pheopigment was lost from the euphotic zone and found large zooplankton faecal pellets
were a substantial loss from the system but they were not so affected by
photodegradation as protozoan faecal pellets as self-shading occurred i.e. smaller
surface to volume ratio for light to react with. Most of the pheopigment was near the
bottom of the euphotic zone away from photodegradation processes and was mainly the
36
product of protozoan grazing. The equation Welschmeyer and Lorenzen (1985(a)) use
for protozoan grazing takes into account photodegradation of pheopigments. The
pigment budget equations have been successfully used to determine primary production
and grazing pressure in other studies (Welschmeyer and Lorenzen, l985(b); Laws et al.,
1988).
Conover et al. (1986) questioned Shuman and Lorenzen's conversion of pheopigments
to chlorophyll a equivalents, suggesting that 100% molar efficiency did not occur. Their
results implied that chlorophyll a ingested could be assimilated or broken down during
digestion. More problems beset the Welschmeyer and Lorenzen (1985(a)) model when
the results of other studies showed that the model did not work well in ecosystems
where protozoan grazing was dominant (Landry et al., 1995; Klein et al., 1986; Barlow
et al., 1988). There may also be practical difficulties with using traps and preserving
chlorophyll (Cuddington and Leavitt, 1999).
A simpler measure of grazing pressure that has been used is the Grazing Index (Suzuki
et al., 1997), which is shown below:
_ pheoG' ` I drazng n ex
(Chl+phe0)
pheo = pheopigments
chl = chlorophylla
This index may give a gross estimate of grazing pressure during bloom conditions when
mesozooplankton grazing predominates, but it does not take into account losses due to
photodegradation. I addition, protozoan grazing can be omnivorous with degradation
of pigments to colourless products.
Strom (1993) carried out detailed laboratory controlled grazing experiments with six
species of protozoa. The protozoa were fed a variety of phytoplankton as food and the
degradation products were analysed by HPLC. Results showed that the dominant
degradation products for the protozoa studied were the intermediate product pheophytin
a and 2 relatively non-polar pheophorbide a compounds (pheophorbide a and
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pheophorbide a5). These latter compounds were unique to protozoan faecal pellets and
Strom (1993) speculated that they could be useful markers for protozoan grazing in the
field. Strom (1993) found that compared to mesozooplankton, degradation of
chlorophyll a by digestion was less extensive in protozoa with high levels of pheophytin
a compared to pheophorbide a. A grazing model was produced incorporating
reingestion of faecal matter and changes in digestive efficiency over time. Results
suggested that the ratio of pheophytin a: pheophobide a could be used to determine how
much reingestion of faecal matter was occurring in an ecosystem. The model was used
to explain low levels of pheophorbides found in other studies using pigment budgets
(Klein et al., 1986; Barlow et al. 1988; Head and Harris, 1994). Figure 1.12 shows the
hypothetical pathway of chlorophyll degradation by marine protozoa. Chlorophyll
contained in algal cells is ingested and can be degraded to either pheophytin or
pheophorbide which can then be incoporated into faecal pellets which the protozoan
excretes. The faecal pellets can be reingested by the grazer and further broken down to
colourless products which are not detectable.
Pigment budgets are still in their early stages but would seem to be useful tools.
However, more research to determine the relationship between degradation products of
protozoan grazing in natural populations and the intensity of omnivory would be
beneficial and may yield an indication of the degree of remineralisation an ecosystem is
experiencing.
1.8 Uptake and Regeneration Studies using Nitrogen
Isotopes
Isotopes are atoms of the same element that have different numbers of neutrons in their
nucleus, the only difference between isotopes of a given element is the mass of the
atom. The common form of nitrogen has an atomic mass of 14 (MN) and the rare form
has an atomic mass of 15 ('5N). These isotopes occur naturally in a fixed proportion of
approximately 273 MN atoms to every ÜN atom (McClelland and Valiela, 1997). A
very small known quantity of 'SN can be injected into a water sample which is then left
to incubate for a known time. Any changes in the ratio of MN to ISN measured in the
phytoplankton will be due to uptake of '5N. As regeneration of nitrogen occurs so the
38
15N in the water sample is diluted by regenerated MN. Mass spectrometers are used to
determine ratios between MN and ÜN, then uptake and regeneration rates of nitrogen
can be calculated from equations. A critical historical review of nitrogen isotope data
analysis was produced by Glibert et al. (l982(c)). The first marine study of nitrogen
uptake by phytoplankton was carried out by Dugdale and Goering (1967) using 'SN
isotopes. Since then nitrogen isotopes have been used in many uptake and regeneration
studies (Caperon et al., 1979; Blackbum, 1979; Glibert, 1982(a); Glibert er al., 1982(b);
Paasche and Kristiansen, 1982; Fumas, 1983; Glibert et al., 1988; Bury et al., 1995;
Dickson and Wheeler, 1995; Slawyk et al., 1997). The early models of Dugdale and
Goering (1967) assumed that the ÜN enrichment was undiluted with time and did not
take into consideration regeneration of ammonia in the fom of MN and uptake rate was
assumed to remain constant. Two linear differential equation models were produced by
Caperon et al. (1979) to calculate simultaneous uptake and remineralization of nitrogen.
The assumptions with these models were as follows: uptake and remineralization rates
are constant with time; there is no significant preference between the two types of
isotopes when taken up by phytoplankton and no remineralization of l5N occurs. These
equations have been used in eutrophic or enriched ecosystem studies, but because they
measure mass changes of NH4+ in the water sample they cannot be used to detemine
uptake and regeneration in oligotrophic ecosystems. Glibert er al. (l982(c)) modified
the equations of Dugdale and Goering (1967) to take into consideration changes due to
regeneration of nitrogen and have produced equations that can be used under
oligotrophic conditions. All the equations are shown in Glibert et al. (1982c) and will
not be reproduced here. Many different equations have been used to calculate uptake
and regeneration of nitrogen and there still seems to be disagreement about the best
equations and analysis to use to produce accurate data.
1.8.1 Experimental Methods
An overview of the experimental methods used in nitrogen uptake and regeneration
studies is given in Glibert et al. (l982(c)). Water samples are collected from the
required depth in Niskin bottles and prefiltered to remove larger zooplankton. Where
NH4+ is detectable, 10% 'SN is added to the sample, where NH4+ is below detection
levels 0.05 mol dm'3 of ISN is added. A known volume of the inoculated sample is
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filtered through an appropriate filter (Whatman GF/F filter); the filtrate can be analysed
immediately for NH4" or it can be frozen for later analysis of initial concentrations of
MN and ÜN. Bottles can be incubated between 2 - 4 hours at the depth that the sample
was collected from. Alternatively the bottle can be incubated on the deck of a ship in
glass or polycarbonate vessels using circulating water to produce the ambient
temperature and neutral density screens to simulate the light levels at the depth the
sample was collected from. The incubation period has to be short or remineralisation of
'SN can occur. At the end of the incubation period the sample is filtered and the filter is
rinsed with filtered seawater and then dried for later determination of the 15N:l4N ratio.
The filtrate is also frozen for later analysis. Concentrations of ammonium can be
determined by standard methods and the 5N:14N ratio is analysed using a mass
spectrometer for both the particulate component on the filter and the dissolved
ammonium in the filtrate. The proportion of ÜN incorporated into the paticulate phase
is used to calculate uptake rate and the changes in the filtrate concentrations of NH4"
over the incubation period are used to calculate regeneration of nitrogen.
1.9 Predicting the Yield of Chlorophyll from DAIN
Earlier in the introduction mention was made of sea-loch studies by Gowen et al.
(1992). Sixty data sets of chlorophyll and nitrate measurements were regressed against
each other to determine whether there was a predictable relationship between them.
Although two-thirds yielded significant negative regressions, values ranged from 0.25 -
4.4 g Cm (m01N)'1 around me median vaue of 1.05 g cm (mo N)". one of the
data sets produced a positive regression and a third of the data sets did not have a
significant negative regression. The reasons for these discrepancies need to be
investigated if q is to be used effectively as a tool for predicting marine eutrophication.
1.9.1 Seasonal Variations
Not all of the data sets used by Gowen et al. (1992) were collected at the same time of
year and seasonal changes in phytoplankton community species could have produced
variations in q. Differences between species in terms of rate of DAH\I uptake and
storage of nitrogen in the cell could produce variations in the chlorophyll to DAIN
relationship. Seasonal differences in temperature, light and nutrient status of marine
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waters could also affect the rate of uptake of DAIN. DAIN may not be converted into
chlorophyll if phytoplankton are nitrogen limited but may be used for essential
maintenance instead, or storage pigments, such as biliproteins in cyanobacteria, may be
utilised when nitrogen is scarce in the environment surounding organisms. There may
be differences in the partitioning of DAIN at different times of the year with, for
instance, heterotrophic dinoagellates more prevalent in Summer after blooms in
temperate latitudes. Grazing pressure bu copepods may be higher in the Spring than at
other seasons and this could remove more chlorophyll.
1.9.2 Ecosvstem Differences
1.9.2.1 Advection
The data-sets used by Gowen et al. (1992) were collected from Scottish west coast sea-
lochs and the experiments carried out during the undetaking of this thesis used Scottish
west coast microplankton. Advection of water into and out of the different Scottish
lochs that were studied may have varied. The degree of horizontal exchange of water
can depend of the depth of the loch and the strength of tidal mixing and water
circulation. It is difficult to know whether samples are being taken from the same
packet of water when collection is made as they are continuously moving. Packets of
water moving into a loch from a light limited water body that is high is nutrients may
contain phytoplankton that have stored DAIN that they cannot use but when they are
advected into the shallower environment of a loch they are no longer light limited and
can utilise their stored nutrients. This could produce a situation with high chlorophyll
and high DAIN concentrations and could account for the positive correlation that
Gowen et al. (1992) obtained from one of their data sets.
1.9.2.2 Grazing Pressure
Some ecosystems experience stronger grazing pressure than others. I oligotrophic
ecosystems, such as the Scottish lochs that were studied by Gowen et al. (1992) grazing
pressure may be fairly low except during blooms and small variations could make a lot
of difference to the relative chlorophyll losses. There is a need to know how much
grazing pressure an ecosystem experiences at a particular time of year. Studies using
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pheopigment and Chlorophyll budgets may be useful but these appear to be limited at
present to ecosystems dominated by larger zooplankton such as copepods. Gowen et al.
(1992) found the ratio of Chlorophyll to pheopigments and yield of Chlorophyll was
significant (r = 0.69) in Loch Houm. The use of individual grazing pigments such as the
non~polar pheophorbide a pigments used by Strom (1993) may also be useful to
determine grazing pressure in ecosystems dominated by protozoa. Migration by
heterotrophic dinoagellates may take grazed Chlorophyll down to the pycnocline
Causing diel Variations. The data sets used by Gowen er al. (1992) were all collected
from oligotrophic environments and differences in grazing pressure may occur in
eutrophic environments so there is a need for studies undetaken in both types of
CCOSyStCII'lS.
1.9.3 Physiological Differences
Microalgae have a rapid ecophysiological response to Changing conditions in the
extemal environment. Seasonal and diurnal changes in light affect the Cellular Content
of Chlorophyll in microalgae. Decreases in irradiance Can result in an increase in
Chlorophyll per cell and viceversa. Increases in temperature Can Cause an increase in
Chlorophyll Content per Cell. The allocation of Cellular nitrogen to Chlorophyll synthesis
may also depend on the nutritional status of the microalgae. Inhibition of nitrate uptake
may have been occurring in some of the lochs studied by Gowen et al. (1992), and this
may have varied seasonally affecting q. Light, temperature, nutrient status, nutrient
species and their relative concentrations may all affect the relationship between
Chlorophyll and DAIN. This introduction has highlighted some of the differences that
can occur due to phytoplankton physiological responses to the external environment.
1.9.4 Methods of Measuring Chlorophyll
The methods used to measure Chlorophyll Can inuence q depending on whether
breakdown products of Chlorophyll are included in the estimates. The Chlorophyll
measurements used by Gowen et al. (1992) were all obtained by uorometry and it is
possible that interference from Chlorophyll b could have occurred in some of the
samples resulting in low concentrations of Chlorophyll being detected. However
Chlorophyll b concentrations are often low in temperate Coastal Waters.
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1.10 The Objectíves of the Thesis
The preceding literature review led to the following objectives of the thesis being
identified:
0 to observe how q varies over time after an enrichment event
0 to discover whether there is a seasonality to
0 to determine whether the type of nitrogen species affects the value of q
0 to determine how different methods of chlorophyll estimation affect q
0 to produce refined values of q that can be routinely used in the CSTT screening
model to predict eutrophication in UK coaster waters
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Figure 1.10 Hypothesised microscale patchiness around phytoplankton
cells (taken from Legendre and Rassoulzadegan, 1995 adapted
from Azam, 1991). Larger black spheres are heterotrophic
nanoagellates and smaller black spheres are zooagellates or
bacteria. The large white central oblong is a phytoplankton
cell with attached polysaccharides
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Figure 1.12 The hypothetical pathway of chlorophyll degradation by
marine protozoa (adapted from Strom, 1993)
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2 Materials and Methods
2.1 The Use of Microcosms to Determine the Yield of
Chlorophyll from DAIN
A variety of methods have been used to study phytoplankton growth in response to
nutrient additions ranging from large-scale in situ mesocosm experiments (Egge and
Jacobsen, 1997; Escaravage et al., 1996) to small volume ex situ laboratory based
monoculture batch culture experiments (Riemann et al., 1989; Bhovichitra et al., 1977).
The dynamic nature of coastal ecosystems complicates the direct measurement of
nutrients and chlorophyll over a time series. Assimilated nutrients and chlorophyll can
be moved in and out of a sampling site as water movements redistribute organisms, the
same logic applies to nutrients in the water column. There is no conservation of the
study community or nutrients and so relative changes in DAIN and chlorophyll cannot
be calculated with any degree of accuracy.
Experiments which have been undetaken in situ have had to be enclosed in some way,
otherwise nutrient additions become diluted and phytoplankton populations may change
making analysis of any data obtained difficult and confusing. These set-ups tend to be
expensive to build and monitor and, due to the size of the construction, the data can be
hard to interpret as there is often much heterogeneity within the enclosure. Organisms
can sink taking assimilated nitrogen and chlorophyll with them. Therefore, although the
problems of advection are overcome with this type of experimental design, patchiness of
organisms and nutrients may still pose a problem. These enclosures also contain
organisms > 200 m in diameter such as mesozooplankton that can rapidly deplete
phytoplankton.
Many laboratory based monoculture experiments have studied the response of a specific
species of phytoplankton to nutrient enrichments. They are normally small scale and are
relatively cheap to construct. Much greater control of the growth environment is
possible and results are very reproducible. There are two types of experimental set-up:
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batch cultures which are closed systems with no replenishment of nutrients, and
continuous cultures which are open systems allowing the media to be continually diluted
with new inputs of nutrients and the removal of an equivalent volume of media and
phytoplankton. These type of experiments can give a species-specific growth response
to nutrient enrichment.
However, q is determined by physiological responses of phytoplankton to environmental
conditions that are variable between species, and environmental factors that are variable
between ecosystems. Seasonal changes in microplankton and environmental conditions
may have a profound effect on q . Trophic interactions in microbial food-webs are
highly complex and need to be taken into account when attempting to obtain data that is
going to be applied to natural ecosystems. For instance, monoculture experiments can
only give an upper limit to a growth response as no grazing is occurring to control
phytoplankton abundance and no remineralistion is being carried out by protozoa and
bacteria.
Microcosm studies using natural (heterogenous) microplankton (< 200 m in diameter)
are therefore the best way to study the relative changes in DAIN and chlorophyll.
Microcosm literally means a small world'. Natural populations can be grown up in the
laboratory under controlled conditions of light and temperature that mimic those in the
environment they have been collected from. Continuous culture techniques can be
employed using filtered seawater collected from the sampling site as diluent.
Continuous culture techniques are preferable to batch culture techniques for a number of
reasons. The length of the experiment can be limited with batch cultures as nutrients get
depleted, secondary metabolites can be produced which may disturb the balance of
species over a period of even a few days, and wall growth is encouraged. In addition,
effects of nutrient limitation are difficult to separate out from the general deterioration
of the culture over time (Osbome and Geider, 1986). Continuous culture techniques
ensure that medium is replenished, metabolites are diluted and wall growth is
discouraged by water movement. Continuous culture techniques can produce a clearer
growth response to nutrient additions than batch cultures or large-scale mesocosm
experiments, as well as mimicking advection within coastal ecosystems. As suggested
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by Gowen et al. (1992), a time series is the best way to measure the evolution of
phytoplankton biomass from DAIN. Microcosms can be enriched with a known
quantity of DAIN and the subsequent synthesis of chlorophyll can be measured. A time
series of measurements of chlorophyll, DAIN, particulate nitrogen and community
composition over a couple of weeks can facilitate a clearer interpretation of what factors
are affecting q and how q changes after an enrichment event. As q is a property of the
microplanktonic ecosystem, microcosms are the most appropriate method of study in
terms of complexity and spatial and temporal scales.
The microcosm design used for these studies was similar to that used by Jones et al.
(l978(b)) to study the growth response of natural communities of microplankton to
nutrient enrichment using phosphate as the limiting nutrient. During their study, 20 litre
microcosms and semi-continuous culture techniques were used to study the
microplanktonic community of Loch Creran and to ascertain whether enclosed
communities retained their naturalness. The quantity of light and the temperature was
set-up to mimic conditions corresponding to a depth of 4 m in Loch Creran at that time
of year. One of the experiments carried out in the Summer of 1975 was run for up to 40
days. During this experiment Jones et al. (l978(b)) enriched the microcosm with all
nutrients, vitamins and trace metals except phosphate at the beginning of the experiment
to ensure that the microplankton were phosphate limited. Then, on day 30, a small
quantity of phosphate was added to the microcosm and the experiment was continued
for another 10 days. The enclosed phytoplankton retained a reasonable diversity for 20
- 30 days compared to the phytoplankton community in Loch Creran. They also found
that there was coherence with several species increasing in abundance at similar rates
which encouraged them to suppose that a real compartment of the Loch Creran
ecosystem had been isolated. They were thus able to use their results to assess the
nutrient status in Loch Creran and to support hypotheses obtained from field work.
2.2 The Water Collection Site
All microplankton populations used in this study were collected from the Lynn of Lome
off the west coast of Scotland. The sampling location is shown in Figure 2.1. The grid
reference for the site is latitude 56°28 ' .9 N longitude 5°30'.l W. The Lynn of Lorne is
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stratified due to a pycnocline formed by freshwater inputs from Loch Linnhe, Loch
Etive and Loch Creran overlying the denser marine Waters coming in from the North
Atlantic, With a water column depth of approximately 50 m at the sampling site.
Nutrient levels are low in these Waters compared to some other coastal Waters on the
West coast of Scotland such as Loch Creran or Loch Etive that receive larger
anthropogenic nutrient inputs, mainly from fish farms. An Irtemal Report produced for
Dunstaffnage Marine Laboratory (DML) showed that nitrate levels in early August 1980
Were 0.11 M, With Winter levels of 8.50 M in February 1980 (Grantham, 1983).
Nitrate analysis for the present study gave similar values of 0.10 M for early August
and 7.20 _ for late March indicating that the nutrient inputs into this ecosystem have
not increased over the last 20 years, although more data Would be needed to confirm
this. This location was chosen to represent a pelagic ecosystem containing relatively
low levels of nutrients for comparison With a second site on the Scottish east coast in the
Filth of Forth Which receives larger nutrient inputs from anthropogenic sources giving
Winter nitrate levels of 10 - 15 M. Unfotunately, due to financial constraints, studies
at the second site could not be undertaken during the course of this thesis.
2.3 Collection of Preliminary Water Column Data
Depth profiles of salinity and temperature Were carried out a few days prior to each
experiment to ensure that Water collected for the experiments was marine and not the
brackish surface layer. Secchi depth Was estimated so that it could be used in
conjunction With meteorological information to constnct a realistic light regime for
each experiment. All trips to the sampling site Were made in the DML research vessel
Seol Mara.
2.3.1 Water Column Profiles
Depth profiles for salinity and temperature Were produced from data obtained by the
analysis of Water samples collected from a range of depths at the sampling site. More
samples Were taken near the top of the Water column Where salinity and temperature can
change quickly over relatively short distances. Seawater Was collected in NIO bottles -
hollow, yellow, plastic tubes that can be propped open by a Spring mechanism and
clamped onto a Winch cable. Once attached, bottles Were lowered to selected depths and
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a heavy brass weight, called a messenger, was sent down the winch wire triggering the
release of the spring mechanism on the NIO bottles, snapping them shut and trapping
water within the tubes. The water-filled NIO bottles were retrieved and their contents
were used for a variety of analyses. Several bottles were put onto the winch wire at the
same time, attached at different lengths along the wire to correspond to selected depths
of 2m, 4m, 8m, 15m, 20m, 30m, 40m, and rigged so that a chain reaction occurred when
the messenger triggered the closing mechanism of the first NIO bottle. This allowed
collection of water from several depths simultaneously.
Two methods were used to obtain salinity profiles. During the Spring, water samples
were collected from a range of depths using NIO bottles. Glass salinity bottles and their
lids were rinsed three times with the collected sample and then the bottles were filled to
the top with sample and taken back to the laboratory to be analysed by an Autosal model
84O0A salinometer which measures the conductivity of the sample to determine salinity.
A reversing thermometer was attached to the CTD to measure temperature.
During the Summer and Autumn a conductivity, temperature, depth (CTD) probe
manufactured by Valepot was used to measure conductivity from the water column
which was used to calculate salinity. Temperature was detemiined by a thermistor
which measures changes in resistance.
2.3.2 Secchí Depth
An estimation of the diffuse attenuation coefficient was required before each microcosm
experiment in order to set-up the lights. Equipment for direct irradiance measurements
in the sea was not available, therefore a Secchi disc made from a white plastic lid
attached to a length of rope marked in l m intervals was used to measure the Secchi
depth. The Secchí depth was determined by lowering the disc into the water on the
unshaded side of the boat until it disappeared from sight, it was then pulled back up
slowly until it was just visible below the surface. The Secchi depth was then used to
determine the diffuse attenuation coefficient (section 2.5.2.1).
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2.4 Main Water Collection and Start-up of Microcosms
Seawater was collected from a depth of 4 m from the sampling site using either a pump
or a niskin bottle that can hold approximately 20 litres of seawater and works on the
same principles as the NIO bottles described in section 2.3.1. A total of 210 litres of
seawater were collected to be used as diluent in the microcosm reservoirs over a two
week experimental period. The water was filtered through an Opella heavy duty
filteration apparatus containing a 0.5 m pore size filter supplied by Ametek and then
dispensed into jerricans. The study organisms were always collected by niskin bottle to
prevent any stress that may be caused by using a pump as this could result in pigment
changes. This seawater was then filtered through a 200 m mesh to remove
zooplankton and any debris greater than this size. The jerricans were covered in black
plastic bags to prevent the phytoplankton from sustaining any photooxidation damage
during their joumey from the sea to laboratory. All jerricans used to store water were
thoroughly cleaned before each water collection using the detergent Decon 90 followed
by 10 rinses in tap water and 2 rinses in double distilled water.
The water was then transported back to the laboratory as quickly as possible (within
hours), to minimalise any temperature changes and used to fill the microcosms in the
prepared temperature controlled room. Ten litres of seawater containing the
microplankton were measured into each reactor and a few litres of filtered seawater
were dispensed into the reservoirs to act as diluent. The peristaltic pumps were then
turned on and continuous culture conditions were instigated. As soon as the
microcosms were activated a sample was taken from each of the reactors.
2.5 Experimental Design
2.5.1 The Microcosm Set-up
Ex situ laboratory based microcosms were used to study the response of microplankton
(< 200 m) to enrichments of DAIN. Natural populations of microplankton were
collected from the Lynn of Lome sampling site and brought back to DML where they
were grown-up in a temperature controlled room under controlled light and temperature
regimes that simulated the conditions they were experiencing in their natural
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environment. Experiments of 11 - 13 day duration were undertaken during Spring,
Summer and Autumn to determine whether significant seasonal changes in q were
OCC\,lI`I`lIlg.
Each microcosm set-up consisted of a reservoir, a reactor and a sump. Peristaltic pumps
were used to pump diluent from a reservoir into a reactor, and, medium and organisms
from a reactor into a sump at a constant dilution rate of 0.20 d` (0.25 d" for Spring
Experiment 1) creating continuous culture conditions. This dilution rate was chosen as
it had been used successfully to grow Scottish west coast microplankton by Jones et al.
(l978(a)). Figure 2.2 is an overview of the microcosm assemblage showing the
direction of ow and the major components of the set-up. Figure 2.3 is a photograph of
the actual microcosm apparatus used at DML.
All reactors and reservoirs were rinsed with 10% HCI prior to an experiment to ensure
the removal of any dissolved inorganic nutrients from the vessels. They were then
thoroughly rinsed 5 times with double distilled water. Silicon rubber tubing with 0.8
mm diameter bore and a wall thickness of 1.6 mm was used to connect the reactors to
sumps and reservoirs. All components of the microcosm set-up, apart from the
peristaltic pumps, were autoclaved at 115°C for at least 15 minutes to ensure that
contamination of the study population by other organisms was kept to a minimum.
2.5.1.1 Diluent Reservoirs
Sea water collected from the sampling site and filtered at the beginning of each
experiment was used to fill reservoirs. This sea water was used as diluent to supply
nutrients to the microplankton population throughout the course of an experiment.
Reservoirs were created from 10 litre or 20 litre volume clear polycarbonate carboys.
Diluent was pumped out of the reservoir and into the reactor by a peristaltic pump. A
0.2 m pore size polyvent filter attached to one of the sockets on top of the carboy lid
permitted filtered air to replace the displaced diluent allowing ow to occur.
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2.5.1.2 Reactors
The seawater containing the microplankton population was filtered through a 200 m
pore size mesh to remove mesozooplankton and 10 litres were transferred into a
transparent polycarbonate carboy that was to act as a reactor. Incoming diluent was
pumped from the reservoir into the reactor through silicon tubing that had been inserted
into one side of a T connector attached to a socket on the outside of the carboy lid.
Inside the carboy this tubing entered a 7 mm diameter pyrex glass tube that terminated
in the media ensuring that all incoming nutrients reached the study population. The
other end of the T connector had filtered air blown into it through silicon tubing
attached to an air pump. The air was first blown through water to remove dust and then
through a polyvent filter to remove any micro-organisms from it. The purpose of the air
input was threefold: it brought in CO2 for the autotrophs to use for photosynthesis and
oxygen for heterotrophic respiration; it bubbled through the water at a constant rate of
flow which aided mixing in the reactor; it ensured that incoming nutrients did not
accumulate in the pyrex tube, but were swept down into the reactor minimising any
potential losses of nutrient through 'adsorption onto the glassware.
A 4 mm diameter pyrex tube was inserted into the reactor through a hole drilled into the
carboy lid and positioned on the water surface allowing media to be pumped up the tube
in response to the rising water level as new diluent was added to the reactor. This
overow medium was pumped out of the reactor and into a waste container (sump) at
the same rate of ow as incoming diluent keeping the water levels in the reactor
constant.
A sampling port was constructed by attaching silicon tubing onto a socket on the inside
of the carboy lid and suspending it into the media with a short length of glass tube
attached to keep it weighted down. A corresponding socket on the outside of the carboy
lid also had silicon tubing attached to it through which sample could be siphoned off. A
roller clamp kept the tubing closed when it was not in use to prevent contamination of
the media by micro-organisms, for the same reason the end of the tubing was also
covered in aluminium foil when sampling was not taking place.
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A 0.2 m pore size polyvent air filter on the carboy lid prevented any potential damage
occurring to the reactor by changes in pressure that might occur during the experiment.
Mixing was achieved using a large magnetic stirrer in a cage that kept particulates in
suspension. Experiments were carried out to ensure that adequate mixing was occurring
in the reactors prior to the first experiment (Appendix IH). A thin insulating layer of
wood was inserted between the reactor and the magnetic plate to prevent any excess heat
being transfered from the plate to the study population.
2.5.1.3 §gn1
Five litre polycarbonate bottles were used as waste containers. These received the
overow from the reactors and were emptied regularly. Silicon rubber tubing connected
the reactor to the sump via a peristaltic pump, the tubing was inserted into the bottle
through a hole drilled into its lid. Displaced air was able to escape through the drilled
hole as the bottle filled.
2.5.2 Environmental Parameters
2.5.2.1 Irradiance - Quantity
An attempt was made to mimic the underwater light field that the microplankton would
be experiencing in their natural environment both in terms of light quantity and quality.
Light is attenuated by both absorption and scattering as it travels down the water column
in a way that can be correlated to an exponential decrease with depth. This exponential
decrease in light can be expressed in terms of a diffuse attenuation coefficient which can
be estimated from:
Diffuse attenuation coefficient (k)
=secch depth
where 1.7 is an approximation that can be used in non-turbid Waters (Poole and Atkins
(1929).
Irradiance data for the Oban area was obtained from the Meteorological Office and was
expressed in terms of energy flux density of Watt - hours/ ml. These energy units
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needed to be converted into photon units so that they could be used to set-up light levels
for the microcosm studies. The data was divided by daylight hours to give W m`2.
These values were then inserted into an equation to obtain a value for I0 , which
represents PAR just below the surface of the sea expressed in moles m`2 s":
I., =1.91-0.95~Eâ
A factor of 4.15 (±0.42) moles J` is used to convert energy (E0) to photons for
subsurface PAR (Morel and Smith, 1974). At the sea's surface, PAR corresponds to
only 0.42 - 0.50 of the solar energy giving a mean of 0.46, which, when multiplied by
4.15, gives a value of 1.91. A factor of 0.95 can be used to correct for other losses due
to sea surface reection between 4 - 6% (Tett, 1990). The above equation can give an
approximation to within 15%, plus any errors made in the calculation of losses by
reection at the sea surface (Tett, 1990).
I order to determine irradiance at the sampling depth of 4 m another equation was used:
I (4 m) = 0.4 - I0 -e"â
Where I (4 m) is irradiance at the sampling depth of 4 m. k'z is called the optical depth
and is the collection depth (z) multiplied by the diffuse attenuation coefficient (k).
Optical depth can be use to compare the transparency of different water bodies. The
value 0.4 in the equation is a correction factor to account for more rapid attenuation of
polychromatic light near the sea's surface (Tett, 1990). The data that was used to set up
the light regimes for the microcosm experiments is shown in Table 2.1.
Season 1° I I (4 m) k Daylength
<wm'2) (moes m~2 S-1) (moes m'2 S-1) (ml) (L:D hours)
Early 118 214 34 0.23 12: 12
Spng
Late Spring 232 421 43 0.34 12:12
Summer 292 529 99 0.19 17:7
Autumn 169 306 35 0.31 17:7
Table 2.1 Irradiance data used to set-up light regimes for microcosm experiments
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Neutral density material in the form of tracing paper was used to attenuate light in the
microcosm set-up. A spectrophotometer was used to determine that the light absorption
properties of the tracing paper were constant for all wavelengths. A Macam SD10lQV -
4pi light detector attached to a multimeter was used to measure irradiance in the
microcosms. Light measurements were made in five positions at an approximate mid-
depth within each reactor and an average was taken to determine light levels that would
be experienced by the enclosed microplankton population (Figure 2.4). Actual
irradiance measurements for each experiment are shown in Table 2.2.
Irradiance (moles m`2 s`l)
Season M1 M2 M3 M4 M5 M6
Early Spring 40 38 36 38 31 45
Late Spring 40 38 36 38 31 45
Summer 90 59 78 83 77 97
Autumn 41 38 47 44 46 38
Kßv
M1 = Control Microcosm 1
M2 = Control Microcosm 2
M3 = Nitrate Enriched Microcosm 3
M4 = Nitrate Enriched Microcosm 4
M5 = Ammonium Enriched Microcosm 5
M6 = Ammonium Enriched Microcosm 6
Table 2.2 Mean irradiance measured in the reactors
2.5.2.2 Irradiance - Quality
Approximately half of the energy of solar radiation that reaches the sea surface is in the
infrared, and this is almost totally absorbed by the time light has travelled one metre
down the water column (Dring, 1982). Most of the light below one meter in depth is
PAR, in the oceans the greatest transmittance is achieved by blue light of wavelength
465 nm. However, in coastal waters a yellow substance (gilvin) is produced from the
decay of plant matter, and this absorbs blue light more strongly than other wavelengths
(Kirk, 1994), some examples of this effect are shown in Figure 2.5.
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Fluorescent tube lights that produced either green or blue light were used in the ratio 2:1
to simulate the quality of light available to microplankton in coastal waters. The
supplier of the fluorescent tubes was C. P. Lighting. The light spectnm produced by
these lights is shown in Figures 2.6 and 2.7.
2.5.2.3 Temperature Regime
The microcosm experiments were carried out in a temperature controlled room at DML.
The temperature was set to correspond to that which would be experienced by the
microplankton in their natural environment (Table 2.3), and was detemined from data
obtained during preliminary water column sampling (section 2.3).
Temperatures used for the Microcosm Experiments (°C)
Early Late Spring Summer Autumn
Spnng
Table 2.3 Temperature regimes used for the microcosm experiments
2.5.3 Experimental Treatments
All treatments were started the day after sample collection to allow microplankton 24
hours to adjust to their new environment. The exception to this was Spring Experiment
2 when an additional 24 hour delay occurred due to the temperature controlled room
malfunctioning, and treatment did not start until 2 days after collection. In order to
determine the yield of chlorophyll from DAIN it was necessary to ensure that nitrogen
was controlling the growth of the microplankton. To achieve this all reactors and
reservoirs used in the treatments were inoculated with concentrated solutions of all the
other nutrients, vitamins and trace elements that microplankton are known to need for
growth. The proportions of phosphate, vitamins and trace elements were kept in the
same ratio as in Guillard's medium (Appendix IV). Silicate was added at a
concentration of 18 M and phosphate at a concentration of 1.8 M. This was to
ensure that when 12 M of DAIN was added it would be the limiting nutrient.
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Two microcosms were used as controls and were unenriched. There were two
treatments with duplicates: 12 M ammonium enrichment using (NH4)2SO4; 12 M
nitrate enrichment using NaNO3.
2.6 Sampling and Measurement Strategy
Samples were collected from the microcosms every 2 days for analysis of chlorophylls
a, b, and c, chlorophyll a breakdown products, carotenoids, dissolved inorganic
nutrients, particulate nitrogen and carbon, and microplankton, including bacteria.
Pigments were measured by different methods using either HPLC or spectrophotometry
to discover whether concentrations were affected by analytical technique. An attempt
was made to find out how DAIN enrichment affected the microplankton community
composition and what the implications of this were in relation to q. Inveted light
microscope techniques were used to identify and count microplankton > 20 m in
diameter. Fluorescence techniques were used to enumerate heterotrophic and
autotrophic nanoagellates (< 20 m in diameter) and bacteria. Measurements of DAIN
and particulate nitrogen made it possible to follow changes in the partitioning of
nitrogen after an enrichment event with dissolved organic nitrogen being estimated from
the difference between total nitrogen present and the measured nitrogen.
Nitrogen isotope experiments were undertaken during Spring Experiment 1 and the
Autumn Experiment. Sampling took place every 2 days so that nitrogen isotope
sampling altemated with routine sampling days. The nitrogen isotope experiments were
undertaken as a time series to determine whether there were any differences in uptake
and regeneration of nitrate and ammonium during the course of each experiment or
between seasons.
2.7 Sampling Regime and Analytical Techniques
Every 2 days a 2 litre sample was taken from each of the microcosms and used in a suite
of analyses. Samples were taken from the reactor via the sampling port by creating a
siphon using a disposable polypropylene syringe. In order to prevent sample from being
trapped in the silicon mbber tubing after sampling, a connection was made between the
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silicon tube blowing air into the reactor and the sampling tube. Another roller clamp
was attached to this tubing which when opened diverted air into the sampling tube
clearing it of sample. Care was taken to invert the sampling bottle several times to
ensure an homogenous subsample for each analysis.
2.7.1 Dissolved Inorganic Nutrients
2.7.1.1 Sample Preparation
Samples (100 ml) were filtered through a Whatman GF/F filter paper using glass
filteration apparatus. A little of the sample was filtered and used to rinse the glassware
before being discarded. The remainder of the sample was then filtered and dispensed
into sterile polypropylene test tubes with snap-on lids which were then put into the
freezer to await analysis.
2.7.1.2 The QuikChem 8000 Flow Injector Autoanalyser
Dissolved inorganic nutrients were analysed using a QuikChem 8000 Flow Injector
Autoanalyser (FIA) manufactured by Lachat Instruments. The FIA was linked to a
microprocessor and the results were highly reproducible. The FIA technique injects an
aliquot of sample into a neutral carrier stream (double distilled water) which transports
it along tubing where it takes part in a series of chemical reactions. The basic set-up of
the QuikChem 8000 FIA is shown schematically in Figure 2.8 as taken from the
QuikChem 8000 FIA instruction manual.
The reactions take place in compartments where aliquots of reagents can be added to the
sample. It is important that each sample fills the carrier tube homogeneously during a
reaction with no sample trailing. To ensure that this occurs a plug of air is injected into
the carrier stream immediately before the sample enters a reaction chamber effectively
compacting it. The timing of this plug of air is cncial and is set manually by the
operator prior to each mn. The nutrients are quantified colorimetrically and
concentrations of the analyte of interest are determined by comparison with a set of
standards and blanks.
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Samples were thoroughly defrosted prior to a run and were stacked in an autosampler to
await analysis. Once defrosted the samples were analysed on the same day. Duplicates
of each sample were taken and average values were determined. Blanks of Milli-Q
water were subtracted from all concentrations. Nitrate and silicate concentrations were
adjusted for salt effects by multiplying the concentration by a factor of 0.934 (Lachat
Instuction Manual).
2.7.1.3 Calibration Curves
Calibration curves were produced for each analyte of interest in order to be able to
calculate the concentration of the analyte in the sample. Prior to each sample run a
stock solution of mixed standards of nitrate, ammonium, phosphate and silicate was
made up. The concentration of nutrients in the stock solution were altered depending on
the concentration of each nutrient that was expected to be in the sample in order to
maximise sensitivity at the lower end of the calibration curve. The autoanalyser
produced a calibration curve at the beginning of eachrun by samplingfrom the mixed
standard solution and doing a series of dilutions on it. Sample calibration curves for
each analyte are shown in Figures 2.9 - 2.12. Calibrations were carried out using linear
regression of areas against concentrations. A calibration curve had to produce a rz >
0.99 to be used as this showed that good linearity was being obtained. Every ten or so
samples an internal standard was analysed to check that the calibration curve was still
accurate.
2.7.1.4 The Brackish Integration
After each run a brackish integration was carried out. This was used to determine the
best part of each curve to use in order to measure and compare the sample and standard
concentrations. The timing of this comparison is cucial as it is important that any
comparison between samples and standards does not contain any of the carrier. At the
end of each mn, 2 samples of low ammonium sea water (LASW) were put through the
lachat and the curves produced were used to set the brackish integration. The curve
1 35% 31.25 g sodium Chloride + 10g magnesium sulphate heptahydrate in 1 litre of distilled water and
30% 27g sodium Chloride + 7.5g magnesium sulphate heptahydrate in l litre of distilled water
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produced by LASW is shown in Figure 2.13, the flat part of the curve is the best place to
obtain a sample as other parts of the curve also contain the carrier.
2.7.1.5 Determination of Ammonium
The Bethelot indophenol blue method is widely used to determine ammonium.
Ammonia reacts with hypochlorite in alkaline solution forming monochloramine, which
in the presence of phenol, nitroprusside and excess hypochlorite, produces indophenol
blue that can be measured photometrically at 630 nm. A complexing agent in the form
of EDTA needs to be added to prevent magnesium and calcium precipitating out. The
method is based on that described in Grasshoff, 1976. The basic chemistry of this
reaction is shown in Figure 2.14 as used by Helder and De Vries, 1979.
2.7.1.6 Determination of Nitrate
Nitrate is reduced to nitrite as the sample passes through a column packed with
copperized cadmium. The method is based on that described by Grasshoff, 1976. The
basic chemical equation for the reduction of nitrate to nitrite is shown below as used by
Koroleff and Grasshoff, 1983, with *Me* being equivalent to copperized Cadmium:
Nos- + Maß, + zH* _» N02- + ve++ + H20
A diazotization process between nitrite and sulphanilamide under acidic conditions
forms a diazonium ion which binds to N-(1-naphthyl)ethylenediamine dihydrochloride
producing a pink dye that can be measured photometrically at 520 nm. The basic
chemistry of this process is shown in Figure 2.15 as used by Koroleff and Grasshoff,
1983.
2.7.1.7 Determination of Phosphate
The orthophosphate ion reacts with ammonium molybdate and antimony potassium
tatrate under acidic conditions to form a complex which is reduced with ascorbic acid
to form a blue complex which can be measured photometrically at 880 nm. The method
is based on that described by Grasshoff, 1976.
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2.7.1.8 Determination of Silicate
Silicate is determined by the addition of ammonium molybdate to a sample which
causes the formation of a yellow silicamolybdate complex. The addition of a reducing
agent in the form of stannous chloride produces a blue colour which can be measured
photometrically at 820 nm. The method is based on that described by Grasshoff, 1976.
2.7.2 Particulate Nítrogen and Carbon
2.7.2.1 Sample Pregaration
Whatman GF/F filter papers were precombusted in an oven at 500°C for 2 hours. A 500
ml sample from each microcosm was filtered onto one of the precombusted filters.
Care was taken when removing the filter paper from the filtering manifold not to
contaminate the sample by touching it with bare hands. The filter paper was removed
using forceps and placed face-up into a sterile 10 ml micro-well manufactured by Costar
and kept frozen until analysed.
Originally samples were meant to be analysed at DML on their CHN analyser, but
instrument problems prevented analysis from being carried out there. This resulted in
some samples having to be stored in the freezer for up to a year before being processed
at Edinburgh University. An hour or so prior to analysis samples were taken out of the
freezer and put into a drying cabinet at 60°C to remove any excess water. The filter
papers were then folded twice using clean forceps and placed onto a tin foil square
which was then folded around it. Forceps were used to form the sample into a small
tightly packed ball which was placed in the autosampler of the elemental analyser. If
there was a delay between rolling the ball and its processing then it was repressed prior
to analysis to ensure it was still as tightly packed as possible to minimise any samples
getting stuck in the inlet mechanism of the instrument.
2.7.2.2 The Carlo Erba NA 2500
Particulate carbon and nitrogen analysis was carried out on a Carlo Erba NA 2500
elemental analyser located in the Geology Department of Edinburgh University. The
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analyser was set-up and operated by Ann Mennim of Edinburgh University. Preparation
of samples and standards was undertaken by the author as was preparation of calibration
curves and the calculation of paticulate carbon and nitrogen content of the samples.
The basic set-up of the Carlo Erba NA 2500 is shown schematically in Figure 2.16 as
taken from the Carlo Erba instrument manual.
The principle of operation is founded on a series of sequential steps. Firstly, a sample
which is wrapped up in a tin foil container is introduced into a combustion column that
is maintained at a temperature of around l000°C. The sample passes through a porous
layer of the oxidation catalyst chromium trioxide (Cr203) which overlies a 6 cm layer of
silver coated cobalt oxide granules (C0304 + Ag). Helium is used as the carrier gas. A
few seconds before the sample drops into the combustion tube the atmosphere is
enriched with oxygen to ensure the complete combustion of the sample components and
the sample container, this process is called dynamic flash combustion'. The products
of combustion are C02, NOX and H20 which are swept into a second column as they
elute from the combustion column. The second column, which acts as a reduction
reactor, is packed with metallic copper and maintained at a temperature of 780°C. The
excess oxygen is removed and the nitrogen oxides are reduced to N2. The C02, N2 and
H20 now ow through an absorbent filter made of magnesium perchlorate which traps
the water. The helium then carries C02 and N2 into a Porapak chromatographic column
which physically separates the two gases. The gases finally pass through a thermal
conductivity detector which generates electrical signals that are proportional to the
concentration of each analyte present in the sample. The electrical signals are
transmitted to an integrator that produces chromatograms showing peak areas for each
gas as it elutes from the thermal conductivity detector. A sample chromatogram is
reproduced in Figure 2.17 showing that the two peaks of interest were well resolved.
At the beginning of each run a test sample was put through the analyser to determine the
retention times for each analyte. The retention times can change slightly between runs if
the columns have been repacked. The integration window for each analyte was decided
by the integrator during this test mn. Blanks were produced by processing GF/F
Whatman filter papers wrapped in tin foil, the areas produced were then subtracted from
sample areas.
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2.7.2.3 Calibration Curves
Calibration curves were produced for each analytical mn using acetanilide as a standard.
Acetanilide is composed of l0.376% nitrogen and 71.6553% carbon. 7 standards were
used ranging from 0.1 - 2 mg acetanilide ensuring that all sample concentrations
analysed fell within the limits of the calibration curves. Standards were precisely
weighed using microscales and were adjusted for the weight of the tin foil square
container by taring. Empty tin foil squares were put through the analyser so that
standard areas could be corrected for any carbon and nitrogen particulates contained in
the tin foil squares:
Corrected Areas = Standard Areas - Tin Foil Areas
The concentration of carbon and nitrogen contained in each standard was then
determined as follows:
Carbon (mg) = Acetanilide (mg) * 0.716553
Nitrogen (mg) = Acetanilide (mg) * 0.10376
Calibration curves were produced using least-squares regression (LSR) analysis, there
was no deviation from linearity. There were several calibration curves produced during
the course of the analysis, samples are shown in Figures 2.18 and 2.19.
2.7.3 Pigments
2.7.3.1 Sample Pregaration
Samples (250 ml) were filtered onto Whatman GF/F filter papers at pressures less than
250 mm Hg. Two methods were used to extract pigments. The filter papers were
removed from the filtration manifold using tweezers, folded twice, and placed into the
bottom of centrifuge tubes. During Spring Experiment 1 and the early part of Spring
Experiment 2 filter papers were put into centrifuge tubes containing 10 ml of 90%
acetone and extracted overnight in a fridge before analysis the next day by
spectrophotometer or HPLC. They were centrifuged in a Decaspeed LC-1 centrifuge at
3000 rpm for 5 minutes, shaken, and then re-centrifuged for a further 5 minutes. This
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method was discontinued when it was discovered that chlorophyll a was being degraded
into chlorophyllide a. An experiment was carried out which confirmed that degradation
products were being formed by ovemight extraction in 90% acetone, the experiment is
described fully in Appendix V. This made no difference to determination by
spectrophotometer which measures these two pigments together anyway, but results
from the HPLC which separates out the two pigments were being distorted.
For most of Spring Experiment 2 and during the Summer and Autumn Experiments
another method of pigment extraction was employed which used sonication instead of
overnight soaking. An experiment was carried out to determine the best sonication time
for the extraction of chlorophyll a, this experiment is described fully in Appendix VI.
Samples were filtered as above but the filter paper was put into a centrifuge tube
without solvent and kept in a freezer until analysis could take place. Samples were
always analysed on the same day using this method. Extraction was carried out by
adding 8 - 10 ml of 90% acetone to the centrifuge tube immediately before to analysis.
The sample was then placed in a 200 ml beaker filled with ice and sonicated at full
power for 5 minutes in a Soniprep sonicator equipped with a 4 mm diameter probe. Ice
was used to keep the sample as cool as possible during sonication as temperatures
around the probe tip can become high. Ultrasonication breaks open cells by producing
high frequency sound waves that fomi cavities in the solvent, with localised pressure
changes of up to 20,000 atmospheres producing shock waves that travel micrometers in
distance (Wright et al., 1997). After sonication the sample was centrifuged at 3000 rpm
for two minutes. The shortened centrifugation time was to minimalise the formation of
any chlorophyll a breakdown products. After centrifugation all samples were
immediately analysed by spectrophotometer or HPLC.
2.7.3.2 Spectrophotometric Analysis of Pigments
A SP8-400 uv/vis double beam spectrophotometer was used for all spectrophotometric
analysis of samples. Margaret Anderson, a project student from Napier University,
undertook the spectrophotometric analysis and calculated pigment concentrations during
the Spring Experiments. Spectrophotometry uses the principles of the Beer-Lambert
Law to measure the absorbance of a solution as shown diagrammatically in Figure 2.20.
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Two black glass semi-micro 4 cm pathlength cuvettes were used as sample holders. At
the beginning of each analysis the spectrophotometer was zeroed using two cuvettes
containing 90% acetone as blanks. One of these was then left in the machine to be used
as a reference and the other cuvette was filled with sample. Lids were used with the
cuvettes to prevent evaporation of the solvent. Measurements of light absorbance were
made at several wavelengths of interest depending of which pigments were being
measured and the type of spectrophotometric equations being used.
2.7.3.2.1 Jeffrey and Humphrey Trichromatíc Equations
The Jeffrey and Humphrey (1975) equations use extinction coefficients that were
determined using purified crystalline pigments to calculate the concentrations of
chlorophylls a, b and c in a sample. This method assumes that there are no chlorophyll
degradation products in the sample. Absorbance readings were taken at wavelengths
630, 647 and 664 nm in order to utilise the following equations:
Chlorophyll a = 1 1.85 E664 - 1.54 E647 - 0.08 E630
Chlorophyll b = -5.43 E664+ 21.03 E647 - 2.66 E630
C1 + C2 = -1 E664 - E647 -' E530
Absorbance was also measured at 750 nm and subtracted from each of the measured
absorbance readings used in the trichromatic equations in order to correct for
background absorbance.
Actual chlorophyll concentrations were then determined using the following equation:
Chlorophyll- v
Chlorophyll (g l`l or mg m`3) V _ 1
v = volume of 90% acetone used for the extraction (ml)
V = volume of seawater filtered (litre)
l = pathlength of cuvette used (cm)
2.7.3.2.2 Lorenzen Acidification Equations
This method of pigment determination calculates concentrations of total chlorophyll a
(including chlorophyllide a) and pheopigments (Lorenzen, 1967) in a water sample. The
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absorbance of a sample is measured at 665 nm before and after acidification with a few
drops of 8% HCl. The weak acid converts chlorophyll a to pheophytin a and
chlorophyllide a to pheophorbide a with assumed 100% molar stoichiometry.
Pheopigments absorb less light than pure chlorophyll/chlorophyllide a at wavelengths of
665 nm by a factor of 1.7 in 90% acetone . This difference in absorptivity can be used
in the following equations to determine total chlorophyll (chlorophyll a plus
chlorophyllide a) and total pheopigments (pheophytin a plus pheophorbide a):
_' _3 A ' K ' (6650 _ 66511) ' V
Chlorophyll a (g l or mg m ) = V 1
_ _! _3 [A - K- «R - 665,.) - 665,.) - v]
Pheop1gments(g l or mg m ) = V _ 1
A = inverse extinction coefficient in 90% acetone for chlorophyll a (x
1000) = 11 g cm ml"
R = maximum absorbance ratio of 6650/655;, in the absence of
pheopigments = 1.7
K
6650
665;,
v
V
l
R/(R-1.0) = 2.43
absorbance at 665 nm before acidification
absorbance at 665 nm after acidification
volume of 90% acetone used for extraction (ml)
volume of water filtered (litres) '
path length of cuvette (cm)
The absorbance at 750 nm is subtracted from all absorbance values to correct for
background absorbance.
2.7.3.2.3 Estimation of Carotenoids
An estimation of carotenoids can be obtained by inserting the sample absorbance at
wavelengths of 480 nm and 510 nm into the following equation:
Carotenoids (Car) = 7.6 E480-1.49 E510
The absorbance measured at 750 nm must be subtracted from the values to correct for
any background absorbance and then the value can be inserted into the following
equation to estimate total carotenoids present in a sample:
I41
1
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Carotenoids(g 1'! or mg m`3) = Car - v
V-1
Car = Carotenoids
= volume of 90% acetone used for extraction (ml)
= volume of water filtered (litres)
= path length of cuvette (cm)
This method is taken from Parsons et al. (1984). It can only give a total carotenoid
estimate as each carotenoid has its own particular molar extinction coefficient.
2.7.3.3 Analysis of Pigments using HPLC
2.7.3.3.1 Overview of the Theorv of Pigment Analysis bv Reverse Phase HPLC
Reverse phase chromatography physically separates out pigments in a sample allowing
the identification and quantification of pigments. This is possible because differences in
the polarity of pigments causes them to interact to varying degrees with a carrier solvent
called the mobile phase and substances contained in a packed column called the
stationary phase. The solubility of pigment molecules is determined by their own
polarity and by the nature of the liquid phase which results in pigments eluting from the
column and reaching a detector at different times. The time that a compound takes to
make the joumey to the detector is called its retention time and it should remain fairly
constant using the same liquid and stationary phase, although between machine
differences do occur. The liquid phase can be composed of a mixture of solvents
depending on the type of pigment that requires isolation. More hydrophobic pigments
such as chlorophyll a need a less polar solvent mixture than the more polar pigments
such as chlorophyll c, chlorophyllides and pheophorbides.
2.7.3.3.2 The HPLC Set-up
The HPLC set-up used at DML is shown diagrammatically in Figure 2.21. Degassed
solvents were pumped through the system by Gilson 302 pumps, owing through a
rheodyne 7125 valve, a guard column, a 3.3 cm long C-18 reverse phase 3 m particle
size column, a flow-through uorometer, finally eluting into a waste container. A guard
column was used to protect the stationary phase column. All solvents used were of
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analytical quality and were filtered through a 0.22 m pore size nylon durapore filter
prior to use.
A sample entered the liquid phase by being injected into the rheodyne valve and filling a
10 l volume loop. Care had to be taken to exclude all air from the syringe before
injection, and an excess of sample had to be injected (approximately 100 l) to ensure
that it totally filled the loop. The loop was excluded from the solvent system before a
sample was injected and then it was slotted back into it again once the sample had filled
the loop enabling the sample to be carried through the system in the liquid phase. The
pigments in the sample were separated out by interactions between the solvent and the
stationary phase and eluted at different times from the column.
The fluorescence signal produced by pigments eluting from the column was detected by
a LDC Milton Roy 11 Model 1311 fitted with a low pressure mercury lamp producing a
spectral range of 320 - 800 nm. Broad band blue kopp coming CS 5-60 filters were
used with maximum light transmission between 400 - 450 nm combined with a CS 2-62
cut-off filter that excluded light at the red end of the spectrum above 600 nm. The
uorometer also had a red sensitive photomultiplier to give an enhanced signal to the
integrator.
A LDC Analytical D-2500 integrator received the signal produced by the uorometer
and produced a chromatogram whenever a sample was processed. A curve was
produced for each pigment as it eluted from the column with the area under the curve
being proportional to the pigment concentration. Before each sample run a step-isocratic
cycle was perfonned on the liquid phase. The integrator software was then used to
subtract the signal produced by the solvent on its own from any subsequent sample
signals to correct for any background fluorescence produced by the carrier solvents
themselves. The beginning and end of each pigment curve was determined by the
integrator. Pigments of interest were well resolved using the step-isocratic method
described below and no manual adjustment of the integrator figures had to be made.
The concentration of the pigment was then ascertained by comparison to calibration
curves produced using known concentrations of purified pigments.
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2.7.3.3.3 A Step-Isocratic Method for the Determination of Chlorophvlls and
their Breakdown Products
A step-isocratic (two solvents) method was used for all analyses using the procedure
described by Mantoura et al. (1997(b)). The first eluant was composed of methanol:0.5
M ammonium acetate at a ratio of 80:20 (v/v) which was pumped through the HPLC
system for 3 minutes to separate out the more polar pigments. The second eluant was
composed of methanolzacetone at a ratio of 90:10 (v/v) and was pumped through the
system for 20 minutes to separate out the more hydrophobic pigments. All solvents
were degassed using helium to prevent any air getting into the system. The solvents
were degassed vigorously at the beginning of a mn and then a low flow of helium into
the solvents was maintained throughout the analysis period. The order of elution and
the retention times of the pigments of interest are shown in Figure 2.22.
2.7.3.3.4 Preparation of Samples Prior to Injection
Samples were removed from centrifuge tubes using a 2.5 ml syringe fitted with a metal
needle, care was taken not to disturb the filter debris at the bottom of the tube. The
sample was then filtered through a 13 mm diameter 0.2 m pore size nylon membrane
filter paper to remove any particulate material. The filtrate was captured in small amber
glass bottles and 0.5 M ammonium acetate was added to produce a ratio of 3:1. The
addition of 0.5 M ammonium acetate produced sharper peaks on the chromatogram. A
100 l aliquot of this sample was then injected into the 10 l loop to ensure that it was
completed filled with sample (the excess gets vented into a waste bottle) and the step-
isocratic method was carried out.
2.7.3.3.5 Pigments used for Calibration Curves
Purified chlorophyll a (1 mg) was obtained from Sigma Chemical Co. in a vacuum
sealed amber vial. This was added to 100 ml of 90% acetone under low light conditions
using ice to keep the pigment solutions cold in order to minimalise degradation product
formation. This stock standard solution was then dispensed into smaller glass bottles
covered in aluminium foil to exclude light. Aluminium lids with septums were attached
to the bottles using a crimper which were then stored under nitrogen gas in an ultra cold
0freezer (approximately -80 C).
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A sample of the purified pigment in a 3:1 ratio with 0.5 ammonium acetate was put
through the HPLC to determine whether there were any significant levels of breakdown
products present. The exact concentration of the pigment was determined using a
spectrophotometer and the pigment's extinction coefficient. Purified chlorophyll b was
obtained from Sigma Chemical Co. and processed in the same manner as purified
chlorophyll a. Purified chlorophyll c was obtained from VKI, Denmark. This pigment
was very much less concentrated than the Sigma pigments and so it was not diluted
prior to storage and no confirmation of its concentration or detection of breakdown
products could be undertaken.
2.7.3.3.6 Calibration Curves used to Determine Pigment Concentration bv
HPLC
Purified pigments prepared as described in section 2.7.3.3.5 were used to construct
calibration curves to determine chlorophyll concentrations in samples using HPLC
techniques. Linear regressions were carried out between areas under the curve as
determined by the integrator and using a range of known concentrations of chlorophyll
standards. 90% acetone was used as a blank, and the intercept was forced through zero.
A value for l g 1" was obtained using the regression equation which was then used in
the following equation to determine:
A1 1 V-l _ i._._
cn10mphy11(g1 ) _ A2 V 1
Al = Area for sample chlorophyll a (g ml`)
A2 = Area for l g/ml chlorophyll a
v = Volume of extracting solvent (ml)
V = Volume of water filtered (1)
A full calibration curve was produced just prior to the start of the first experiment. One
point calibrations were undertaken periodically to check that the accuracy of the curve
was not changing but the fluorescence response to pure pigments remained very
constant and the same calibration curve was used throughout all experiments. The
calibration curves for chlorophylls a, b and c are shown in Figures 2.23 - 2.25.
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The concentration of chlorophyllide a was determined from the chlorophyll a calibration
curve as the uorometric response from the two pigments is identical. The loss of the
phytol tail from chlorophyll a to produce chlorophyllide a does not result in a loss of
uorescence. The concentration of the pheopigments was determined by using the
chlorophyll a calibration curve and multiplying the concentration by 2. Other studies
(Gowen, 1981) indicate that pheopigments lose approximately 50% of their uorescence
when magnesium is lost from the tetrapyrrole ring structure.
2.7.4 Microplankton
2.7.4.1 Sample Preparatíon
Approximately 10 drops (0.4 ml) of lugol's solution (non-acidified) was dispensed into
a 30 ml universal bottle and then the bottle was filled to the top with sample. The lid
was partially closed and the sample allowed to equilibrate with room temperature before
the lid was fully tightened. The universal was then kept in the dark in a cool place until
microplankton enumeration and identification could take place. The recipe for lugol's
solution is given in Appendix (VH).
2.7.4.2 Microplankton Enumeration and Identification
Settlement chambers were used to concentrate microplankton prior to observation under
a microscope. The sample bottle was inverted several times to make the contents
homogenous and then a pipette was used to transfer 10 ml of sample into a settlement
chamber. This chamber was then made airtight by sliding a glass disc across the top and
the sample was left overnight in the dark so that the contents could settle down to the
bottom. Microplankton enumeration and identification was carried out on two
microscopes: a diavert Leitz microscope at DML or an inverted Wild Heerenbngg
microscope at Napier University.
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2.7.4.2.l Microplankton Enumeration
Several counting methods were used to enumerate microplankton, the method used
depending on the abundance or size of species of interest. When abundance was very
high then five fields of view were counted, these were evenly spaced across the central
width of the settlement chamber making sure that views of the sides of the settlement
chamber were included as sample tends to accumulate there. This method is shown in
Figure 2.26.
The following equation was used to calculate microplankton abundance in cells/ litre:
TC/TF -R
Microplankton (cells l`l) = ' Vv
TC = total number of cells counted
TF = total fields of view counted
R = the ratio of the area of the base of the settlement chamber to the area of
the field of view
v = the volume of sample settled out (10 ml) A
V = conversion factor to give cells 1" (1000)
When abundance was moderate then microplankton were counted in a strip across the
centre of the settlement chamber. This method is shown in Figure 2.27.
The following equation was used to calculate the microplankton abundance in cells l`l :
rc - R
Microplankton VV
TC = total number of cells counted
R = the ratio of the area of the base of the settlement chamber to the area of
the strip
v = the volume of sample settled out (10 ml)
V = conversion factor to give cells 1'] (1000)
When abundance of a species was very low or the organism being counted was very
large then the whole of the settlement chamber base was viewed. This method was
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especially employed for large ciliates and dinoagellates. The following equation was
used to calculate the microplankton abundance in cells l`]:
TC
Microplankton (cells l`l) = V
TC = total number of cells counted
v = the volume of sample settled out (10 ml)
V = conversion factor to give cells l`l (1000)
2.7.4.2.2 Microplankton Identification
Microplankton were identified down to genus using Tomas (1997) identification keys
for diatoms and Dodge (1982) for dinoagellates. Microplankton samples had to be
kept for several months before identification and many of the thecated dinoagellates
had lost their armoured shells. This made differentiation between autotrophic
Gymnodinium and Gonyaulax difficult and so these were treated as being one group.
Heterotrophic Gymnodinium, Gyrodinium and Amphidinium were treated as one group
as they can be seen as graduations in shape and size in terms of impact as grazers.
2.7.4.2.3 Calculating the Precision of Estimates of Abundance
Duplicate counts were made for some samples from each experiment so that the
precision of the counting method could be assessed. A total of 11 samples were
analysed in this way. First, a coefficient of variation was calculated for each species to
determine whether single precision could be used for all of the microplankton rather
than a different one for each species.
Thecv= Sd =2(f 'd/Zdf
mean Zu-af)/Zar
where the sums are made over all estimates of standard deviation (s) and mean (x) for
the given species, and df = 1 in the case of each pair of replicates. The coefficients of
variation have been ranked in Table 2.4, generally species with the highest abundance in
the samples have the lowest coefficient of variation.
Table 2.4 Ranked Coefficient of Variation for Abundant
The coefficient of variation was very similar for all the species that were abundant n
these samples, and it was decided that a single overall estimate of precson would be
made for these species. This was done as follows:
1. For each pair of replicates, Calculate sd for each abundant species from log 10
transformed cells 1
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Species Coeicient of
Variation
Asterione//opsis 0.000
Eucampia 0.015
Skeletonema costatum 0.021
Gym/gyro/amp (heterotrophic) 0.027
Guinardia 0.042
Nitzchia 0.051
Scrigpsiella 0.053
Leptocylindricus 0.053
Chaetoceros 0.054
Ceratau/ina 0.056
Tha/assiosira 0.056
Ciliates 0.057
Gonyaulax 0.058
Prorocentra/es 0.063
Lauderia 0.064
Auxospores 0.066
Díty/um brightwel/ii 0.082
Dinophysis 0.091
Pennate (large) 0.091
Protoperidinium 0.091
Rhizoso/enia 0.095
Tha/assionema 0.102
Ceratium 0.130
Mesodinium 0.145
Species
-1
2. Calculate an overall standard deviation from
(Zw- «I0
Zdf
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The result, of s = 0.20, will be called a 'logarithmic standard deviation'. It equates,
roughly, with a precision of
(am110g(+s)x100% - 100%º+|(an11<ºg(-s)º< 100% _ 100%)
2 7
which is 48%.
When species were observed in low numbers in one count but not at all in another, then
the logarithmic standard deviation could not be determined directly as the log of zero is
infinity. Instead the raw data was used to calculate standard deviation and this value
was then converted to a logarithmic standard deviation that could be used to express
variation in the counting method for less abundant species
logl0~(~Sfd--+1)mean
The result, of s = 0.38, equates roughly, with a precision of
(am110g(+s)x 100% _ 100%)+|(ami10g(-s)º<100% - 100%)
2 9
which is 99%.
For abundant microplankton the distribution of the error in counting is log normal and
so it is better to use logarithms of the data when carrying out statistical analysis. For
smaller counts the distribution of the error in counting displays more of a Poisson
distribution with rare species randomly distributed in space and time and it is best to use
the raw data when performing statistical analysis. All data is shown in Appendix VIII.
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2.7.5 Nanoagellates and Bacteria
2.7.5.1 Sample Pregaration
A micropipette was used to measure 0.6 ml of 50% gluteraldehyde into a 30 ml
universal bottle to produce a final concentration of 1% gluteraldehyde when the sample
was added. The universal bottle was filled to the top with sample and kept in the fridge
until further processing was carried out later that day.
Gluteraldehyde can irritate the respiratory system and be hamful if absorbed through
the skin, therefore preparation of the sample was carried out in a fume cupboard and
blue nitrile disposable gloves were wom. '
2.7.5.2 Nanoflagellate Enumeration
2.7.5.2.1 Staining and Filtration of Sample
Prior to being viewed under the microscope using uorescence techniques the sample
had to be filtered onto a membrane filter and stained with 4'6-diamidino-2-phenylindole
(DAPI). The staining solution was made up by adding 10 mg of DAPI to a l0 ml
solution of distilled water (9.5 ml) and gluteraldehyde (0.5 ml). This was then kept in
the fridge. The filtering apparatus consisted of a 1 litre buchner ask, a 20 ml glass
reservoir and a glass filter support. A Whatman cellulose nitrate membrane filter with a
pore size of 0.2 m was placed onto the filtering unit and dampened with a little water.
The water was then pumped through until the filter lay at on the surface of the filter
support. A poretics 25 mm diameter membrane filter with a 1 m pore size was placed
on top of the cellulose nitrate membrane filter with the shiny surface facing upwards.
The cellulose nitrate membrane filter acted as a support for the poretics filter, holding it
in place and making it easier to remove. The 20 ml glass reservoir was then attached
with a clamp. A little distilled water was then put onto the filter papers to keep them
moist. The sample was inverted several times to obtain an homogenous subsample. 5
ml of sample was drawn up into a pipette and then discarded to ensure that no cross
contamination of samples occurred. 5 ml of sample was then pipetted into the 20 ml
glass reservoir and 25 l of DAPI was added to stain the sample. This was left for 5
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minutes to allow the stain to take and then the sample was filtered onto the membrane
filter. A pump was used on a very low suction to encourage the sample to drip slowly
through the filter paper so that the fragile nanoagellates were not damaged. Slow
dripping also discouraged the sample from being pushed to the outsides of the filter
paper. Distilled water was used to ush any sample clinging to the sides of the reservoir
onto the filter paper. The filter paper was then removed with forceps and placed on a
labelled microscope slide. Breathing onto the microscope slide before placing the filter
paper on it aided adhesion. Two drops of non-uorescing immersion oil were placed
onto the filter paper and a cover slip was placed on top. The labelled slide was then laid
down flat in a freezer for a few hours so that the oil set and then it was transferred to a
microscope slide box to be stored in a freezer until it could be viewed under the
microscope. All distilled water used was filtered through a 0.22 m Millipore filter.
Slides can be kept up to 24 weeks using this technique (Porter and Feig, 1980). During
the Spring Experiments Margaret Anderson carried out the filtration procedure for
nanoflagellates and bacteria.
2.7.5.2.2 FluorescentMicrosc0p1
DAPI binds to the DNA in microplankton. It is excited when irradiated with ultraviolet
light of wavelength 365 nm and uoresces a bright blue colour at 2 390 nm.
Nanoagellate cells were observed at x 1000 magnification (x 10 eyepiece, x 100
objective) using a Zeiss Axiovert S100 inverted epiuorescence microscope fitted with
an Attoarc adjustable light source, 02 UV excitation G365 filter set and 09 blue
excitation 450/490 filter set. The 02 filter set enabled the blue uorescence of DAPI to
be observed indicating that biological material containing DNA was being viewed. The
09 filter set was then slid into place enabling chlorophyll autouorescence and green
cellular uorescence to be observed. If no autouorescence was observed then the cells
were assumed to be heterotrophic (non-autotrophic and non-mixotrophic). One drop of
Leitz immersion oil was place onto the centre of the cover slip and then prior to viewing
the lights were tumed out. For statistical purposes at least 50 nanoagellates were
counted for each sample from random views down the microscope. In general between
30 and 50 views were needed to do this.
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2.7.5.2.3 Calculation of Abundance
The following equation was used to calculate nanoagellate abundance in cells l`:
Nanofageaes (cells 1*) = -i ~[tre/T=)~R] V
TC = total number of cells counted
TF = total number of fields counted
R = the ratio of the area of the base of the 20ml filtering reservoir to the
area of the field of view (6596.40)
v = the volume of sample filtered (5 ml)
V = conversion factor to give cells 1'] (1000)
2.7.5.3 Bacteria] Enumeration
2.7.5.3.1 Staining and Filtration of Sample
As per nanoagellates except a black polycarbonate membrane filter with a pore size of
0.2 m was used.
`
l
2.7.5.3.2 FluorescentMicroscoQ1
Bacteria were viewed under ultraviolet the same as nanoagellates. Margaret Anderson
undertook bacterial enumeration in all experiments.
2.7.5.3.3 Calculation of Abundance
An eyepiece graticule was used that contained a grid made up of 100 small squares. Not
all the squares in the grid were counted as sometimes uorescence was less pronounced
at the edges of the field of view. The number of fields viewed depended on the
abundance of bacteria present but were mostly between 4 - 10 fields of view. The
following calculation was used to determine abundance of bacteria in cells 1":
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Bacterial (cells Vv
TC = total number of cells counted
TF = total number of fields counted
R = the ratio of the area of the field of view to the area of the base of the 20ml
filtering reservoir (12769)
TS = total squares in the grid (100)
CS = total squares in the grid that were actually counted
v = the volume of sample filtered (5 ml)
V = conversion factor to give cells l`1 (1000)
2.7.6 Nitrogen Isotope Studies
2.7.6.1 Sample Pregaration
During the Spring Experiment 1 and the Autumn Experiment nitrogen isotope studies
were carried out to determine nitrogen uptake rates. These studies were carried out in
collaboration with Kay Sommerville from the Isotope Biochemistry Laboratory at
Scottish Universities Environmental Research Centre situated in East Kilbride. Kay
undertook separate studies of her own using water samples taken from the control
reactors every 2 days. Sampling from the enriched microcosms for nitrogen isotope
experiments occurred every 2 days and alternated with the normal sampling regime.
ISNO3 uptake experiments occurred every 4 days and alternated with UNI-I4 uptake
experiments. One litre of sample was collected from each enriched microcosm and
transferred to a transparent polypropylene nalgene bottle. A spike made up of either
Na'5NO3 or l5NH4Cl was added to the sample using a micropipette. The spikes were all
made from highly concentrated stock standards so that very small volumes could be
used to inoculate the sample bottles. Each spike was composed of 99.7 atom % ISN.
The concentrations of the spikes are shown in Table 2.5.
84
Date Spike Composition Spike Vol. (ml) Spike Concentraton (uM)
27/3/99 *5NaNo3 1.00 3.00
29/3/99 '5NH4cÄ± 1.00 3.00
31/3/99 '5NaNo3 1.00 3.00
2/4/99 *5NH.,c1 1.00 3.00
4/4/99 '5NaNo3 1.00 3.00
6/4/99 '5NH.,c1 0.20 0.05
4/8/99 '5NaNo3 1.00 3.00
6/8/99 '5NH4c1 1.00 0.125
8/8/99 15NaNo3 0.50 0.05
10/8/99 NH4c1 0.20 0.05
12/8/99 '5NaNo3 0.50 0.05
14/s/99 NH.,c1 0.20 0.05
Table 2.5 Spikes used for the nitrogen isotope experiments
The bottles were inverted gently to ensure an homogenous sample and 100 ml was
measured out from each bottle and filtered through a pre-combusted GF/F filter paper to
determine t = 0 concentrations of the analyte of interest. A chaser of 10 - 20 ml of
filtered sea water was used to ensure that no DAlN was left on the filter paper. The
exact time and the volume filtered was noted. The filter paper was removed from the
filtration manifold with forceps and placed unfolded into a microwell. The top of the
microwell was left open slightly so that the filter paper air dried for a few hours. The
microwell was then put into a dessicator over silica gel for storage. Immediately after
filtration the nalgene bottles were put into the temperature control room under the same
light and temperature conditions as the microcosm experiment to incubate for 24 hours.
At the end of this time period a known volume of subsample was taken from the
nalgene bottle to obtain concentrations of the analyte of interest at t = 24. The actual
volumes filtered depended on how dense growth had been during the 24 hours but was
typically 100 ml. The subsample was filtered and filter paper was stored as per t = O.
A whole filter paper was too large to process and so subsamples had to be taken. 10 g
of nitrogen are roughly equivalent to 1 g of chlorophyll and so for each sample
chlorophyll concentrations were used to estimate how much nitrogen would be present
on the filter paper. Samples that were likely to have high concentrations of nitrogen had
only a few subsamples taken, and those with low concentrations had more subsamples
taken. A filter paper was placed onto a glass pane with forceps and subsamples were
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taken using a 4 mm diameter borer. The discs were put into tin capsules which were
then squeezed shut with forceps and rolled into a ball ready for insertion into the
autosampler of the GC-IRMS. All equipment used was regularly wiped with ethanol to
minimise contamination by nitrogen from other sources and care was taken not to touch
the samples with hands.
Blanks were prepared by cutting two discs from a precombusted GF/F filter paper and
putting them into tin cups. Forceps were then used to atten the tin cup and roll it into a
ball ready to be put into the autosampler of the GC-IRMS. Standards were prepared
using DL leucine supplied by Sigma Chemical Co. A mass of 25 g of DL leucine is
equivalent to 14 g nitrogen. Discs were cut with a 4 mm diameter borer and forceps
were used to put them into tin cups, one to each cup. The discs each had 50 g of DL
leucine pipetted onto them after which they were placed in an oven at 95°C to dry for
approximately one hour. Forceps were then used to flatten the tin cup and roll it into a
ball ready for analysis. Two standards and two blanks were processed for every eight
samples.
An estimation of ammonium regeneration rates was initially intended, however, due to
financial constraints, it was not possible to get the samples analysed.
2.7.6.2 Nitrogen Isotope Analysis
Nitrogen uptake rates were determined using a Roboprep C-N analyser interfaced to a
continuous flow 2020Massl isotope ratio mass spectrometer (IRMS) both manufactured
by Europa Scientific Ltd. All nitrogen isotope analysis took place in the Isotope
Biochemistry Laboratory at Scottish Universities Environmental Research Centre
(SUERC) situated in East Kilbride. Dr. Tom Preston prepared the analyser and
undertook all the machine processing of samples after they had been prepared for
analysis including the calibration. The preparation of samples and standards and the
estimation of nitrogen uptake rates was undertaken by the author.
The Roboprep C-N analyser processes particulate nitrogen by oxidative combustion in
the same manner as the NA 2500 used at Edinburgh University and described in section
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2.7.2.1. The helium carrier gas containing pure N2 gas ows from the C-N analyser into
the RMS where it passes through a fast stream of electrons. When a high speed
electron hits a molecule of nitrogen it displaces one of its electrons ionising the
molecule. The ionised nitrogen is accelerated out of the electron stream by a strong
electric field, the speed of exit depending on whether the nitrogen is present as 'SN or
MN. The ions then pass through a powerful magnetic source which bends the path of the
ion depending on its speed, and hence its mass, enabling the isotopes of nitrogen to
arrive at an ion detector at different times. The concentration of the ion is then
determined by the strength of its signal compared to that given by DL leucine which is
used as a reference gas. An overview of the GC-IRMS system is shown schematically
in Figure 2.28 taken from Preston and Barrie (1991). A detailed description of GC-
IRMS analysers is given by Preston and Owens (1983).
2.7.6.3 Calibration of the IRMS for Nitrogen Isotope Analysis
A one point calibrant is routinely used for UN analysis by the Isotope Biochemistry
Laboratory. The leucine stock has been calibrated against intemational standards. The
IRMS analyser is much more linear than other instruments and the apparatus has been
checked several times using a group of enriched standards. Brooks et al. (1989)
describes such an exercise that was carried out during the commissioning phase of the
IRMS that was used for the nitrogen isotope analysis.
2.7.6.4 Calculation of Nitrogen Uptake Rates
The nitrogen information obtained from the analysis has to be manipulated in order to
determine nitrogen uptake rates. Firstly the ÜN concentrations have to be adjusted to
take into account 'SN .that is naturally present in the environment to give a ISN
concentration of atoms present in excess (ape):
N
(ape) = N - 0.3663
The ambient ape is calculated using the following equation:
Ambient ape = N Spike (M) º N Spike, ape
N Spike (M) + Ambient N (M)
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The daily uptake rate is calculated using the following equation
Nitrogen uptake rate (mol d`1) = 15 N, ape . N(m01)
ambient ape - time (d")
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Figure 2.1 Map of the Lynn of Lorne showing the water collection site
933 Egg_§E N _? `š_>__n_à __<
¬NØI m___E L
ummas àšw m______E__8 aug WEEMEE8 _______';___U~_
l¦` 1'
._ _-__ _'__E____ ' _________ g__§E___ V Ä'
___ ___`
I __E______4_
90
Figure 2.3 A photograph of the experimental set-up at DML
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Figure 2.9 A sample calibration curve for ammonium
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carbon from the Carlo Erba NA 2500 Analyser
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Figure 2.26 Five fields of view across the settlement chamber
Figure 2.27 View of the central strip across the settlement chamber
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Results
3.1 General Introduction
3.1.1 Experimental Strategy
Temperature and salinity profiles (Figures 3.1 and 3.2) were used to ensure that the
microplankton used in the microcosm experiments were of marine origin and not fresh
water species. The microcosm experiments were designed to allow a time series of
cumulative q to be calculated after an enrichment event. This allowed q to be
determined under a range of conditions including eutrophic conditions following
enrichment at the beginning of an experiment.
Two treatments were used to investigate whether nitrate and ammonium enrichments
produced similar values of q. These two treatments were chosen because nitrate and
ammonium are assimilated at different rates by algae. Nitrate has to undergo two
reduction processes before it can be assimilated. This may result in a delay in
Chlorophyll synthesis when nitrate is used as an enrichment source, and could affect the
value of q. I addition, inhibition of nitrate uptake can occur when ammonium is
present in excess of 1.00 M which may produce differences in q between the two
species of DAIN. These differences may prove to be important as some ecosystems
receive more DAIN inputs in the form of ammonium i.e. from fish farms and sewage,
whilst others receive the majority of their inputs in the form of nitrate i.e. from
agricultural run-off.
Seasonal differences in environmental conditions and community composition could
also affect q and so experiments were undetaken during Spring, Summer and Autumn
so that comparisons could be made. Table 3.1 shows the treatments and the
environmental regimes used for each experiment.
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Experiment Treatments (Enrichments) Mean Light Daylength Temperature
Controls Nitrate Ammonium (moles m`2 5") (h0UrS LZD) (OC)
spring(1) oM 12M 12M 38 12:12 8.0
Spring (2) 0 M 12 M 12 M 38 12:12 8.0
Summer OM 12 M l2M 81 17:7 11.6
Autumn 0 M 12 M 12 M 42 17:7 13.5
Table 3.1 Microcosm treatments and environmental conditions
Initially there were plans to carry out microcosm experiments using microplankton
communities collected from two contrasting environments: the Firth of Foth
representing a relatively high nutrient ecosystem and the Lynn of Lorne representing a
low nutrient ecosystem. This was to investigate whether ecosystems with different
nutrient status produced similar values of q. However, financial and practical
constraints prevented microcosm experiments being carried out on the east coast
although preliminary experiments were undertaken at SEPA in Edinburgh. No results
from the preliminary experiments are included in the thesis.
3.1.2 Overview of the Chapter
This chapter provides the results of four microcosm experiments carried out at DML
during 1999. There was a large amount of data collected during the course of the thesis
and it was not easy deciding on the best form of presentation. The results section has
been arranged to allow useful comparisons to be made between treatments and seasonal
data obtained from each analysis undertaken during this study. Line graphs are used to
present data as a time series to enable easy observation of temporal changes in data.
Section 3.2 explains the calculation of q - six methods were used to determine q and the
results are presented as seasonal time series for each method. Two-way ANOVA tables
are used to determine whether differences in q were significant between treatments and
season and to discover if there was any interaction between treatments and season.
Sections 3.3 - 3.5 present the results of chemical analyses: pigment concentrations using
spectrophotometric and HPLC methods; dissolved inorganic nutrient concentrations;
particulate carbon and nitrogen concentrations. Section 3.6 shows the results of the
nitrogen isotope uptake experiments carried out during Spring Experiment 1 and the
Autumn Experiment. Section 3.7 presents the results of microplankton enumeration and
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identification. Section 3.8 shows the results of nanoagellate and bacterial
enumeration.
3.2 The Yield of Chlorophyll a from DAIN or PN
3.2.1 Introduction
This section presents time series of q calculated using concentrations of chlorophyll
obtained from spectrophotometric or HPLC analysis, and nitrogen measured as DAIN or
particulate nitrogen (PN). I section 3.2.2 the rationale for using times series to
estimate q is explained and the methods of calculation are shown. The six methods used
to estimate q are outlined in section 3.2.3 and the reasons for using them are explained,
the six time series produced for each method are shown in Figures 3.5 - 3.10. I section
3.2.4 the general change in q over time is commented upon. Section 3.2.5 compares
how the value of q changed depending on what treatment was used. The seasonal
differences in q are compared in section 3.2.6 using the values of q obtained using the
AClD/DAIN method of estimation. Section 3.2.7 contains statistical analysis of q using
two-way ANOVA analysis to investigate the significance of differences in q between
treatments and seasons. Section 3.2.8 uses Box and Whisker diagrams to compare
different methods of estimating q. A summary of the main points is presented in section
3.2.9.
3.2.2 The Calculatíon of Cumulative Yield
The yield of chlorophyll a from DAIN (Figure 3.3) was worked out as a cumulative
yield with the beginning of the calculation being the day on which microcosms were
enriched with DAH\I i.e.
_ gross formation of chl up to time Tq (time T) _
gross uptake of DAIN up to time T
This seemed to be the most appropriate method of calculating the yield for the following
reasons:
110
When DAIN is present in excess in the surrounding environment some
phytoplankton can store it, resulting in uptake of DAIN being uncoupled from
growth, this means that some biosynthesis of chlorophyll a later on in the experiment
might have been due to the utilization of nitrogen that had been taken up and stored
during the enrichment period.
DAIN was present at the limits of analytical detection once the initial enrichment had
been taken up as phytoplankton utilize it very quickly so any calculations of the yield
of chlorophyll a from DAIN based solely on the concentrations measurable in the
reactor would be prone to analytical errors.
Cumulative q shows the relative change in chlorophyll and nitrogen rather than the
static coincidental values of chlorophyll and nitrogen present in the reactors at the
time of sampling. It is more appropriate for monitoring dynamic changes in q using
continuous culture techniques.
The calculations used to determine the cumulative yield of chlorophyll a from DAIN
must take account of uxes of nutrients into the reactor from the reservoir and uxes of
media and organisms out of the reactor into the sump. The equations are shown below:
X[T2 ]- x[T,] = Ax + D - X - Ar where A = observed change
in chlorophyll from T1 to T2
S[T2]-S[T,] = -AS+D - (So -S)~At Where AS = observed change
in DAIN from T1 to T2
J
= chlorophyll a (g l`1)
= nitrogen in the reactor (M)
= nitrogen in the reservoir (M)
= dilution rate
= time
lll
All abbreviations that are used in the equations are taken from Tett (1998). Log means
were used when calculating average changes in S and X in the reservoir and reactor to
better represent exponential growth in microplankton.
A was added onto the cumulative chlorophyll calculated for the previous time period
to give a new cumulative chlorophyll, AS was added onto the cumulative DAIN
calculated for the previous time period to give a new cumulative DAIN. I this manner
a time series of cumulative values were calculated which are shown in Figure 3.4 for
one of the nitrate enriched microcosms in the Summer Experiment. A time series for
cumulative q was produced by dividing cumulative chlorophyll a by cumulative DAIN.
All values of q are shown as log values so that error bars can be used for statistical
comparison. Because q is a ratio made up of both chlorophyll and DAIN, its standard
error had to be calculated from log transfonned data. Firstly, arithmetic standard
deviations and means were calculated for DAIN and for chlorophyll a and used to
calculate a coefficient of variation (CV) for each variable and time step. CV on an
arithmetic scale is = to variance on a log scale. This was then transformed:
ogo cv =
10g1o(1+(-id-J]mean
I the equation 'l+' ensures that all numbers are positive. The log CVs were taken as
approximations of the sd of log transfomed raw data. The logarithmic CVs were then
squared and summed to obtain a typical logarithmic standard error for q
Logs.e.ofq = 1° °^'"
N 1° Ch'Zn~`/zog cv2 +z1<ºg CV2
Where Zn = summed degrees of freedom of the estimates of CV and N = replicates (2)
used to estimate mean q(t). The logarithmic value of q was determined by subtracting
log DAIN from log Chlorophyll since division is equivalent to subtraction for log
transformed data.
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3.2.3 Methods used to Estimate q
Values of q were estimated using three chlorophyll a determination methods coupled
with either DAIN or particulate nitrogen (PN), the combinations are shown in Table 3.2.
The trichromatic equations of Jeffrey and Humphrey (1975) estimate concentrations of
chlorophylls a, b and c which include any breakdown products present (see section
2.7.3.2.l). The acidification technique of Lorenzen (1967) separates out pheopigments
but still produces a combined estimate of chlorophyll a and chlorophyllide a (see section
2.7.3.2.2). The HPLC technique physically separates out all pigments (see section
2.7.3.3.3). Graphs showing time series for q determined using the six methods shown in
Table 3.2 are produced in Figures 3.5 - 3.10. Values of q estimated using the six
methods of determination are shown in Appendix IX.
Method of Chlorophyll a NitrogenM th d fe 0 0 q Determination DeterminedDetermination
TRUDAIN Spectrophotometry - trichromatic equations DAIN
(Jeffrey and Humphrey, 1975)
TRI/PN Spectrophotometry - trichromatic equations PN
(Jeffrey and Humphrey, 1975)
ACID/DAIN Spectrophotometry using acidication DAIN
(Lorenzen, 1967)
ACID/PN Spectrophotometry using acidication PN
(Lorenzen, 1967)
HPLC/DAIN High performance liquid chromatography DAIN
(Mantoura et al., l997(b))
HPLC/PN High performance liquid chromatography PN
(Mantoura et al., l997(b))
Table 3.2 Six methods of estimating q
3.2.4 Changes in q over Time
Highest q occurred at the beginning of each experiment soon after enrichment and then
declined over time. I general, the peak in q was highest on day 2. Exceptions to this
pattern were observed during the two Spring Experiments: during Spring Experiment 1
maximum q occurred in enriched microcosms on day 4 using the TRI/DAIN and
TRI/PN methods (Figures 3.5(a), 3.6(a)); maximum q for treatments and controls during
Spring Experiment 2 occurred on day 3 using TRI/DAIN and TRI/PN methods (Figures
3.5(b), 3.6(b)); maximum q for controls during Spring Experiment 2 occurred on day 4
using ACID/DAIN and ACID/PN methods (Figures 3.7(b), 3.8(b)). The value of q
ll3
stabilised towards the end of each experiment except during Spring Experiment 2,
which did not last as long as the other experiments.
3.2.5 Response of q to Different Sources of DAIN - Nitrate vs.
Ammonium
References to significant differences in this section are in terms of ± standard error of
the mean. Comparisons of data are made between mean values of q for controls and
treatments. During Spring Experiment 1 differences between treatments occurred
infrequently, with ammonium enrichment producing the highest q in the few instances
that were observed. These occurred on day 4 using the TRI/DAIN method (Figure
3.5(a)), and on day 6 using the ACID/DAIN and ACID/PN methods (Figures 3.7(a) and
3.8(a)). There was only one significant difference between treatments during Spring
Experiment 2 which was on day 5 using the ACID/PN method (Figure 3.8(b)), with
ammonium enrichment producing the highest q.
During Summer and Autumn nitrate enriched microcosms produced significantly higher
values of q than ammonium enriched microcosms throughout the period of the time
series when nitrogen was measured as DAIN (Figures 3.5(c)(d), 3.7(c)(d) and 3.9(b)(c)).
When nitrogen was measured as PN there were no significant differences between
treatments in the Summer (Figures 3.6(c), 3.8(c) and 3.10(a)), and during the Autumn
the differences were only significant at the beginning of the experiment (Figures 3.6(d),
3.8(d) and 3.l0(c)).
Values of q could only be determined for controls in the two Spring Experiments since
wash-out occurred in the control microcosms during the Summer and Autumn
Experiments. In Spring Experiment 1, ammonium enriched microcosms produced
significantly higher values of q than controls on day 4 using the TRI/DAIN method
(Figure 3.5(a)) and days 6 - 10 using the ACID/DAIN and ACID/PN methods (Figures
3.7(a) and 3.8(a)). Values of q obtained from by nitrate enriched microcosms were
significantly higher than in controls on days 8 - 12 using the TRI/DAIN and TRI/PN
methods (Figures 3.5(a) and 3.6(a)) and days 8 - 10 using the ACID/DAIN and
ACID/PN methods (Figures 3.7(a) and 3.8(a)).
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During Spring Experiment 2, significantly higher values of q were obtained from
ammonium enriched microcosms compared to the controls on days 3 - 5 using the
TRI/PN method (Figure 3.6(b)), on day 3 using the HPLC/DAIN method (Figure 3.9(a))
and on days 1 - 9 using the HPLC/PN method (Figure 3.lO(a)). Significantly lower
values of q were obtained from ammonium enriched microcosms compared to controls
on days 3 - 9 using the ACID/DAIN method (Figure 3.7(b)). There were significantly
higher values of q produced by nitrate enriched microcosms compared to controls on
days 3 - 9 using the TRI/PN method (Figure 3.6(b)), on day 3 using the HPLC/DAIN
method (Figure 3.9(a)) and on days 1 - 9 using the HPLC/PN method (Figure 3.1O(a)).
There were significantly lower values of q obtained from nitrate enriched microcosms
compared to controls on days 3, 5, 9 using the ACID/DAIN method (Figure 3.7(b)) and
on days 5 and 9 using the ACID/PN method (Figure 3.8(b)).
3.2.6 Seasonal Dífferences in q
All comments on seasonal differences in the value of q are made in reference to Figure
3.7 which used the ACID/DAIN method of q determination. Estimates of q were higher
in nitrate enriched microcosms during the Autumn Experiment. Lowest estimates of q
were obtained during the Summer Experiment in the ammonium enriched microcosms.
During Spring Experiments 1 and 2 there were no significant differences between
treatments (using ± SE of the mean), but during the Summer and Autumn Experiments
there were significant differences. During Spring Experiment 1 and the Autumn
Experiment the rate of decline of q was more gradual than during Spring Experiment 2
and the Summer Experiment. Values of q were higher at the end of the Autumn
Experiment regardless of treatment. There was a rapid decline in q during the Summer
Experiment between days 2 - 6 after which time q was much lower in the ammonium
enriched microcosms compared to results obtained during other seasons.
3.2.7 Two-Wav ANOVA of Treatments and Seasons
An interaction between treatment and season appeared to be occurring with differences
between treatments more obvious during the Summer and Autumn Experiments than
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during the Spring Experiments. Therefore, a two-way ANOVA was carried out using
treatment and season as the two factors. ^
The two factors were intepreted as being fixed, as, although seasonal differences in
microplankton populations were not controllable, environmental factors such as light
and temperature were. I addition, seasons were not chosen at random. No test for
normality or homogeneity could be carried out as there were only 2 replicates for each
treatment and it was assumed that log transfonnation of the data normalised the errors.
The times series for q can be divided into three main phases: Phase I, when values of q
were high: Phase 11, when there was a large decrease in the value of q; Phase [[1, when q
appeared to be stabilising at a lower value. Phase I q is represented by Max q, which
was the maximum q observed during the enrichment experiment. Phase 1] q is
represented by Day 8 q which was the post-bloom value of q. Max q occurred at the
beginning of the time series after the microcosms had been enriched with DAIN when
the bloom was at its peak and was not being regulated by light, nutrients or grazing.
After the bloom there was a decline in q due to nutrient limitation and an increase in
grazing pressure. By Day 8 q appeared to be stabilising at a lower value in many of the
experiments. It was therefore decided that two-way ANOVA analysis would be carried
out on Max q and Day 8 q values. All statistical analysis was carried out using Minitab
version 12.21. Data was analysed for significant differences at the 95% level of
confidence. Analysis of variance was carried out on TRI/DAIN, ACID/DAIN and
HPLC/DAIN methods in order to discover whether each chlorophyll determination
method produced the same significant differences in the value of q using season and
treatment as factors.
3.2.7.1 TRI/DAIN Method of Calculatingq
ANOVA tables for Max q determined using the TRI/DAIN method are shown in
Appendix X - Table X( 1). Data from all four experiments were available to carry out
statistical analysis. There were no significant differences between seasons although
22% of the total error was accounted for by seasonal differences. There were significant
differences between treatments - 46% of the total error. There was also a significant
interaction between season and treatment which accounted for 27% of the total error. A
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profile plot for the interaction is shown in Figure 3.11 which indicates that the
interaction was disorderly. No further meaningful statistical analysis could be carried
out on the main effects because of this disorderly interaction as the results could be
misleading.
ANOVA tables for Day 8 q determined using the TRI/DAIN method are shown in
Appendix X - Table X(2). There were no significant differences between seasons
although 19% of the total error was accounted for by seasonal differences. There were
significant differences between treatments - 66% of the total error. There was no
significant interaction between season and treatment
3.2.7.2 ACID/DAIN Method of Calculating_q
It was not possible to determine q for ammonium enriched microcosm 6 using the
ACID/DAIN method during Spring Experiment 1 and so statistical analysis using two-
way AOVA could only be carried out for the other 3 experiments. ANOVA tables for
Max q determined using the ACID/DAIN method are shown in Appendix X - Table
X(3). There were no significant differences between seasons for Max q with only 6% of
the total error accounted for by seasonal differences. There were significant differences
between treatments - 89% of the total error. There was no significant interaction
between season and treatment.
ANOVA tables for Day 8 q determined using the ACID/DAIN method are shown in
Appendix X - Table X(4). There were significant differences between seasons with
58% of the total error accounted for by seasonal differences. There were significant
differences between treatments - 32% of the total error. There was no significant
interaction between season and treatment which accounted for only 6% of the total
error.
3.2.7.3 HPLC/DAIN Method of Calculating_q
No HPLC data from Spring Experiment 1 could be used for analysis and so statistical
analysis could only be carried out on the other three experiments. ANOVA tables for
Max q determined using the HPLC/DAIN method are shown in Appendix X - Table
X(5). There were significant differences between seasons with 20% of the total error
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accounted for by seasonal differences. There were significant differences between
treatments - 70% of the total error.
ANOVA tables for Day 8 q determined using the HPLC/DAIN method are shown in
Appendix X ~ Table X(6). There were significant differences between seasons with
26% of the total error accounted for by seasonal differences. There were significant
differences between treatments - 57% of the total error. There was no significant
interaction between season and treatment which accounted for only 12% of the total
error
3.2.8 A Comparison of Methods for Determining_q
The results of the ANOVA statistics carried out in section 3.2.7 revealed that there was
always a significant difference between treatments irespective of which method was
used to determine chlorophyll a. The interaction between treatment and season that was
significant using the TRI/DAIN method of determining Max q was not significant when
the ACID/DAIN and the HPLC/DAIN methods were used. However, when two-way
AOVA was carried out on the TRI/DAIN method excluding data obtained from Spring
Experiment 1, as was the case with ACID/DAIN and HPLC/DAIN methods, the
interaction between treatment and season disappeared. The HPLC/DAIN method also
produced significant differences between seasons for the value of Max q which were not
apparent when using the spectrophotometric techniques. Day 8 q was not significantly
different between seasons using TRI/DAIN, but both ACID/DAIN and HPLC/DAIN
methods produced significant differences between seasons, especially ACID/DAIN
where the difference between seasons accounted for almost twice as much of the total
error as the difference between treatments.
Box and Whisker diagrams have been used to show the relative distributions of log
transformed Max q and Day 8 q for all experiments, excluding Spring Experiment 1,
determined using the six different methods (Figures 3.12 and 3.13). The boxes enclose
the interquatile range, the median value of q and the whiskers show the spread of the
rest of the values. Max q estimated using spectrophotometrically measured chlorophyll
a and DAIN had a greater spread than q determined using spectrophotometrically
measured chlorophyll a and PN. Values of Max q determined using acidification
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methods had lower interquartile ranges and median values compared to Max q
determined using the trichromatic equations. The interquartile range and median values
of Max q estimated using HPLC methods were much lower than those obtained using
the spectrophotometric methods.
The interquartile ranges and median values of day 8 q were lower for methods using
DAIN compared to those obtained from methods using PN. Values of Day 8 q
determined using acidification techniques had lower interquartile ranges and median
values compared to Day 8 q measured using the trichromatic equations. Values of Day
8 q determined by HPLC methods had lower interquanile ranges and median values
compared to Day 8 q obtained using spectrophotometric methods.
3.2.9 Summary
Values of q changed over time with highest values occurring after the enrichment of
microcosms with DAIN, and lowest values occurring towards the end of the experiment.
Differences between treatments occurred during the Summer and Autumn Experiments
but were not significant during the two Spring Experiments. There were seasonal
differences in q with highest q generally occurring in the nitrate treatments during the
Autumn Experiment and lowest occurring in the ammonium treatment during the
Summer Experiment. Two-way ANOVAs carried out using Max q (during the bloom)
and Day 8 q (post-bloom) gave different results depending on the method used to
determine q, sometimes showing significant differences between seasons and sometimes
showing an interaction between season and treatment. Box and Whisker diagrams
showed that generally the interquartile ranges and median values of Max q and Day 8 q
determined by the acidification technique were lower than those determined using the
trichromatic method, and that HPLC methods were lower still. There was less of a
spread of values of Max q using chlorophyll determined using spectrophotometric
methods when PN was used as nitrogen compared to Max q obtained using DAIN as
nitrogen. Day 8 q interquartile range and median values were lower for methods using
DAIN compared to methods using PN.
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3.3 Pigments
3.3.1 Introduction
This section shows the results of pigment analysis. Comparisons of data are made
between the mean values of pigments. All references to statistical differences are in
terms of ± standard error of the mean.
Chlorophyll a was measured using three techniques to determine whether the method of
chlorophyll analysis affected the value of q. The concentrations of breakdown products
of chlorophyll a (pheophytin a, pheophorbide a and chlorophyllide a) that are included
in chlorophyll a estimates vary between determination methods. The quantity of
pheopigments present in a sample can also give an indication of grazing pressure. The
accessory pigments chlorophyll b and c give an indication of the dominant type of
phytoplankton present in the reactors.
The results of spectrophotometric analysis of chlorophyll a and its breakdown products
are shown in Figures 3.14 - 3.17, and are commented upon in section 3.3.2. The results
of HPLC.ana1ysis of chlorophyll a and its breakdown products are shown in Figures
3.18 - 3.20, and commented upon in section 3.3.3. Section 3.3.4 compares the results
of the spectrophotometric and HPLC chlorophyll analyses. The temporal changes in the
proportions of chlorophyll a and its breakdown products as determined by HPLC are
shown in Figures 3.21 - 3.23 and are commented upon in section 3.3.5. The results of
accessory pigment analysis carried out using spectrophotometric analysis (trichromatic
method) for all experiments and HPLC analysis for the Summer and Autumn
Experiments are shown in Figures 3.24 - 3.27, and are commented upon in section
3.3.6. Section 3.3.7 presents an overview of the main points covered.
3.3.2 Chlorophvll a and its Breakdown Products Determined bv
Spectrophotometric Methods
Concentrations of chlorophyll a and its breakdown products obtained using
spectrophotometric methods are shown in Appendix XI.
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3.3.2.1 Spring Experiment 1
The concentrations of chlorophyll a and its breakdown products determined by
spectrophotometric methods for Spring Experiment l are shown in Figure 3.14. The
highest concentrations of chlorophyll occurred at the beginning of the experiment on
day 3 and then declined over time in the control microcosms and those enriched with
nitrate. In the ammonium enriched microcosms chlorophyll a reached a peak on day 5
and then declined. Higher levels of chlorophyll a were detected using the trichromatic
method compared to the acidification technique, but only when pheopigment was
present in the sample. The magnitude of the difference corresponded to the quantity of
pheopigment present in the sample. The controls produced less chlorophyll a products
compared to the treatments after day 1. There were higher maximum concentrations of
chlorophyll a detected in ammonium enriched microcosms using the trichromatic
equations compared to the nitrate enriched microcosms, however, the rate of decline of
chlorophyll a in nitrate enriched microcosms was slower than in ammonium enriched
microcosms. The acidification technique produced unusual results in one of the
ammonium enriched microcosms (microcosm 6) with huge quantities of pheopigments
being detected resulting in negative values for chlorophyll a on days 3 and 7 and giving
rise to the phenomenal error bars present on these days. During this experiment both
ammonium enriched microcosms accidentally received 24 M instead of 12 M of
nitrogen as the author misread the chemical label on the bottle containing the (NH4)2SO4
used to enrich the microcosms!
3.3.2.2 Spring Experiment 2
The concentrations of chlorophyll a and its breakdown products determined by
spectrophotometric methods in Spring Experiment 2 are shown in Figure 3.15. The
highest concentrations of chlorophyll occurred on day 5 and then declined over time.
Higher levels of chlorophyll a were detected using the trichromatic method compared to
the acidification technique, but only when pheopigment was present in the sample. The
magnitude of the difference generally corresponded to the quantity of pheopigment
present in the sample. The exception to this occurred in the controls on day 7 when
negative values for pheopigment were produced in microcosm 1 using the acidification
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technique. The controls produced less chlorophyll a products compared to the
treatments after day 3, except on day 7 when less chlorophyll a was obtained from
nitrate enriched microcosms using the acidification technique. Concentrations of
chlorophyll a detected in ammonium enriched microcosms using the trichromatic
method were similar to those obtained from the nitrate enriched microcosms.
Chlorophyll a concentrations determined using the acidification technique were similar
for nitrate and ammonium enriched microcosms, the exception being day 7 when there
was a sharp decrease in chlorophyll a levels in ammonium enriched microcosms
compared to the nitrate enriched microcosms and controls. Levels of pheopigments
detected in the nitrate enriched microcosms were higher than in ammonium enriched
microcosms, but not significantly so.
3.3.2.3 Summer Experiment
The concentrations of chlorophyll a and its breakdown products determined by
spectrophotometric methods during the Summer Experiment are shown in Figure 3.16.
Wash-out occurred in the controls and the chlorophyll a levels fell after day 1. The
highest concentrations of chlorophyll in both treatments occurred on day 3 and then
declined over time until day 7 after which levels remained relatively constant.
Concentrations of chlorophyll a detected using trichromatic or acidification techniques
were similar. Any pheopigments present during the Summer were at the limit of
detection. There were no significant differences in chlorophyll a levels between
treatments.
3.3.2.4 Autumn Experiment
The concentrations of chlorophyll a and its breakdown products determined by
spectrophotometric methods during the Autumn Experiment are shown in Figure 3.17.
Wash-out occurred in the controls and the chlorophyll a levels fell after day 1. The
highest concentrations of chlorophyll in both treatments occurred on day 3 and then
declined over time until day 9 after which levels remained relatively constant. There
were no significant differences between concentrations of chlorophyll a detected using
trichromatic or acidification techniques. Any pheopigments present during the Autumn
were at the threshold of detection. There were lower concentrations of chlorophyll a
detected in ammonium enriched microcosms compared to nitrate enriched microcosms.
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3.3.2.5 Comparisons between Seasons
The trichromatic method of chlorophyll a estimation showed higher concentrations of
chlorophyll a present in the Spring Experiments and less in the Summer and Autumn.
However, chlorophyll a estimated using the acidification technique produced similar
levels of chlorophyll a for all seasons. During the Spring Experiments pheopigments
were present in high concentrations but were at the limits of detection during the
Summer and Autumn Experiments.
3.3.3 Chlorophvll a Products Determined bv HPLC
Concentrations of chlorophyll a and its breakdown products determined by HPLC
methods are shown in Appendix XII. HPLC data for Spring Experiment 1 could not be
used due to problems with the extraction technique.
3.3.3.1 Spring Experiment 2
The concentrations of chlorophyll a and its breakdown products determined by HPLC
methods for Spring Experiment 2 are shown in Figure 3.18. The highest concentrations
of chlorophyll a occurred at the beginning of the experiment on day 3 in the controls and
on day 5 in the treatment microcosms and then declined. The highest concentrations of
chlorophyllide a occurred on day 5 in all microcosms and then declined. Pheophorbide
a did not peak until day 7 and then declined. Chlorophyll a concentrations were similar
for both ammonium and nitrate enriched microcosms. Chlorophyllide a levels were
lower in nitrate enriched microcosms on day 5 than in ammonium enriched microcosms.
Pheophorbide a levels were higher in nitrate enriched microcosms on day 5 than in
ammonium enriched microcosms. Controls produced lower chlorophyll a products than
treatments after day 2.
3.3.3.2 Summer Experiment
The concentrations of chlorophyll a and its breakdown products determined by HPLC
methods for the Summer Experiment are shown in Figure 3.19. Wash-out occurred in
the controls and chlorophyll a products quickly declined to the limits of detection. The
highest concentrations of chlorophyll a occurred on day 3 in all treatment microcosms
declining by day 5 and then levelling off. Concentrations of both chlorophyllide a and
pheophorbide a were very low throughout the experiment in all microcosms.
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Chlorophyll a concentrations were similar for both ammonium and nitrate enriched
microcosms.
3.3.3.3 Autumn Experiment
The concentrations of chlorophyll a and its breakdown products determined by HPLC
methods for the Autumn Experiment are shown in Figure 3.20. Wash-out occurred in
the controls and chlorophyll a products quickly declined to the limits of detection. The
highest concentrations of chlorophyll a occurred on day 3 in all treatment microcosms
declining by day 7 and then generally levelling off. Concentrations of both
chlorophyllide a and pheophorbide a were very low throughout the experiment in all
microcosms, but were higher in nitrate enriched microcosms than in ammonium
enriched microcosms. Chlorophyll a concentrations were lower in ammonium enriched
microcosms than in nitrate enriched microcosms.
3.3.3.4 Comparisons between Seasons
There were higher concentrations of chlorophyll a, chlorophyllide a and pheophorbide a
present during Spring Experiment 2 compared to the Summer and Autumn Experiments.
The rate of decline of pigments was slower in Spring Experiment 2 than in the Summer
and Autumn Experiments. Chlorophyll a breakdown products formed a large proportion
of the total chlorophyll a products in Spring Experiment 2 but were only present in low
concentrations in the Summer and Autumn Experiments.
3.3.4 Comparison of Spectrophotometric and HPLC Results
HPLC results from Spring Experiment 1 could not be used and so comparisons could
only be carried out using the other three experiments. The lowest chlorophyll a
estimates were obtained using HPLC methods which separated out chlorophyll a,
chlorophyllide a and pheophorbide a (pheophytin a concentrations were seldom detected
and then only in tiny quantities and are not included in the results). The highest
chlorophyll a estimates were obtained using the trichromatic equations. The largest
differences between chlorophyll a determination methods were observed during the
Spring when breakdown products were present in large quantities.
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3.3.5 Changes in the Proportions of Chlorophyll a and its
Breakdown Products as Determined bv HPLC
3.3.5.1 Spring Experiment 2
The proportional changes in chlorophyll a products present during Spring Experiment 2
are shown in Figure 3.21. In the controls the proportion of chlorophyll a present over
time was relatively constant and represented 40-50% of the total chlorophyll a products.
The proportion of chlorophyllide a was highest between day 1 and day 5 - approximately
30%, and then declined to approximately < 10% towards the end of the experiment. I
contrast the proportion of pheophorbide a present was lowest at the beginning of the
experiment - approximately 20% and greatest towards the end representing between 30 -
40%.
In the nitrate and ammonium enriched microcosms changes in the proportion of
chlorophyll a products followed similar pattems. The proportion of chlorophyll a
increased from 40% to 55% between day 1 and day 3 and then declined until day 7.
Thereafter chlorophyll a again increased to reach proportions of approximately 50% in
nitrate enriched microcosms and 80% in ammonium enriched microcosms.
Chlorophyllide a proportions were approximately 30% until day 3 in nitrate and
ammonium enriched microcosms. In nitrate enriched microcosms it then declined to
approximately 15% by day 7 and remained fairly constant until the end of the
experiment. I ammonium enriched microcosms the proportion of chlorophyllide a
remained at approximately 30% until day 5 and then declined until the end of the
experiment where it represented < 10% of the total chlorophyll a products. I the nitrate
and ammonium enriched microcosms the proportion of pheophorbide a decreased from
approximately 30% on day 1 to 15% on day 3, and then increased to 50% by day 7,
thereafter it slowly decreased until it reached proportions of 35% in nitrate enriched
microcosms and 15% in ammonium enriched microcosms by day 11.
3.3.5.2 Summer Experiment
The proportional changes in chlorophyll a products present during the Summer
Experiment are shown in Figure 3.22. In controls chlorophyll a represented almost all
125
of the chlorophyll a products throughout the course of the experiment. Chlorophyllide a
proportions never rose above 15% throughout the experiment. Pheophorbide a was only
detected on day 1 and day 3 and represented between 10 - 15% of the total chlorophyll a
products present.
The proportions of all chlorophyll a products in nitrate and ammonium enriched
microcosms showed the same general pattem. Chlorophyll a represented around 90% of
total chlorophyll a products on day 1, the propotion decreased slightly by day 3 then fell
sharply to approximately 50 - 55% by day 5, before rising again to 60 - 70% where it
stayed until the end of the experiment. Chlorophyllide a was < 10% of the total
chlorophyll a products until day 5 when it reached proportions of approximately 15% in
nitrate enriched microcosms and 25% in ammonium enriched microcosms, thereafter
proportions fell until day ll when chlorophyllide a represented approximately 10% of
chlorophyll a products. Pheophorbide a represented approximately 5 - 10% of total
chlorophyll a products until day 5 in both treatments when it increased to approximately
30% in nitrate enriched microcosms and 20% in ammonium enriched microcosms
declining slightly until day ll when it reached potions of 25% and 15% respectively.
3.3.5.3 Autumn Experiment
The proportional changes in chlorophyll a products present during the Autumn
Experiment are shown in Figure 3.23. I controls chlorophyll a represented almost all
of the chlorophyll a products throughout the course of the experiment. Chlorophyllide a
represented approximately 10% of total chlorophyll a products until day 5 when levels
fell below detection. Pheopigment a represented approximately 5% of total chlorophyll
a products until day 3 when levels fell below detection. After day 5 all chlorophyll a
products were in the form of chlorophyll a.
The proportions of all chlorophyll a products in nitrate and ammonium enriched
microcosms showed the same general pattem. Chlorophyll a represented around 90% of
total chlorophyll a products on day 1, the propotion decreased until by day 5 it was
approximately 65% and remained so throughout the remainder of the experiment, the
propotion rising slightly in nitrate enriched microcosms. Chlorophyllide a was
approximately 10% of the total chlorophyll a products at the beginning of the
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experiment, the proportions slowly increasing until day 5 and then staying at
approximately 15% until the end of the experiment. Pheophorbide a represented
approximately 5% of total chlorophyll a products until day 5 in both treatments when it
increased to approximately 15% and remained so until the end of the experiment in
ammonium enriched microcosms, declining slightly to approximately 10% in nitrate
enriched microcosms.
3.3.5.4 Comparisons between Seasons
The proportion of chlorophyll a breakdown products present in the Spring Experiment
was much higher than in the Summer and Autumn Experiments. During the Spring
Experiment chlorophyllide a proportions were higher earlier on in the experiment and
pheophorbide a proportions were higher later on in the experiment. I the Summer and
Autumn Experiments the proportions of both of these breakdown products were higher
towards the end of the experiment. The proportional distribution of all chlorophyll a
pigments in the Summer and Autumn Experiments were very similar.
3.3.6 Accessory Pígments
Accessory pigments were determined using spectrophotometric methods for all
experiments and HPLC during Summer and Autumn Experiments. Concentrations of
accessory pigments determined by spectrophotometric and HPLC methods are shown in
Appendix XIII.
3.3.6.1 Spring Experiment 1
The concentrations of 'accessory pigments determined using spectrophotometric
methods during Spring Experiment l are shown in Figure 3.24. Concentrations of all
accessory pigments were higher in treatments than in controls. The highest
concentrations for accessory pigments in the controls and nitrate enriched microcosms
was on day 3, but in ammonium enriched microcosms it was on day 5 for carotenoids
and chlorophyll c and day 3 for chlorophyll b. The highest peak in accessory pigments
in ammonium enriched microcosms was almost twice the highest peak produced in
nitrate enriched microcosms. After the peak there was a steady decline in the pigments
in the controls and nitrate enriched microcosms, in Contrast carotenoids and chlorophyll
c declined at a much faster rate in the ammonium enriched microcosms. Carotenoids
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were present in much higher concentrations than chlorophylls b and c. Chlorophyll c
concentrations were always higher than chlorophyll b concentrations. There was good
reproducibility within treatments except in ammonium enriched microcosms.
3.3.6.2 Spring Experiment 2
The concentrations of accessory pigments determined using spectrophotometric
methods during Spring Experiment 2 are shown in Figure 3.25. Concentrations of all
accessory pigments were higher in treatments than in controls. The highest
concentrations of accessory pigments in treatment microcosms occurred on day S and
concentrations were similar for both nitrate and ammonium enriched microcosms, in the
controls the highest concentrations occurred on days 3 - 7. After the peak
concentrations fell until the end of the experiment, however, in ammonium enriched
microcosms accessory pigment concentrations remained high until day 7 before
declining. Carotenoids were present in much higher concentrations than chlorophylls b
and c. Chlorophyll c concentrations were always higher than chlorophyll b
concentrations
3.3.6.3 Summer Experiment
The concentrations of accessory pigments determined using spectrophotometric and
HPLC methods during the Summer Experiment are shown in Figure 3.26.
Concentrations of all accessoy pigments in the controls were at the limits of detection.
The highest concentrations of accessory pigments in treatment microcosms occurred on
day 3 and then declined until day 7 after which concentrations stabilised.
Concentrations of accessory pigments were similar for both treatments. Carotenoids
were present in much higher concentrations than chlorophylls b and c. Chlorophyll c
concentrations were always higher than chlorophyll b concentrations. There was good
reproducibility within treatments.
There was good agreement between concentrations of chlorophyll b estimated using
spectrophotometric methods and HPLC techniques. I nitrate enriched microcosms
concentrations of chlorophyll c determined using HPLC were approximately half those
measured using spectrophotometry, but there were no differences in the concentration of
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chlorophyll c detected in the ammonium enriched microcosms using the two analytical
methods.
3.3.6.4 Autumn Experiment
The concentrations of accessory pigments determined using spectrophotometric and
HPLC methods during the Autumn Experiment are shown in Figure 3.27.
Concentrations of all accessory pigments in the controls were at the limits of detection
after day 1. The highest concentrations of accessory pigments in treatment microcosms
occurred on day 3 and then declined slowly until day 9 after which levels remained
relatively stable. Concentrations of accessory pigments followed the same pattem but
were higher in the nitrate enriched microcosms than in the ammonium enriched
microcosms. Carotenoids were present in much higher concentrations than chlorophylls
b and c. Chlorophyll c concentrations were always higher than chlorophyll b
concentrations. There was good reproducibility within treatments.
There was good agreement between concentrations of chlorophyll b estimated using
spectrophotometric methods and HPLC techniques. In nitrate enriched microcosms
concentrations of chlorophyll c determined using HPLC were approximately half those
measured using spectrophotometry, but there were no differences in the concentration of
chlorophyll c detected in the ammonium enriched microcosms using the two analytical
methods.
3.3.6.5 Comparisons between Seasons
I general, concentrations of accessory pigments were higher in the Spring Experiments
and levels did not decline as quickly as in the Summer and Autumn Experiments. I the
Summer and Autumn Experiments concentrations of accessory pigments showed a
tendency to stabilise after the initial peak, but in the Spring Experiments, especially in
the nitrate enriched microcosms, the concentration continued to decline.
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3.3.7 Summary
The highest concentrations of chlorophyll a and chlorophyllide a and accessory
pigments occurred at the beginning of each experiment after enrichment with DAIN and
then declined over time. In general, the highest concentrations of chlorophyll a were
determined using trichromatic methods and the lowest using HPLC methods. The
magnitude of the difference between the two spectrophotometric methods depended on
the concentration of pheopigments present and was most obvious during the two Spring
Experiments. The highest concentrations of pheopigments tended to occur after the
peak in chlorophyll a and chlorophyllide a. During the two Spring Experiments the
controls produced lower values of all pigments compared to treatment microcosms after
enrichment, and during the Summer and Autumn Experiment wash-out occurred. The
trichromatic and HPLC methods of chlorophyll a estimation showed higher
concentrations of chlorophyll a present during the Spring Experiments compared to the
Summer and Autumn Experiments, but the acidification technique showed similar
concentrations of chlorophyll a produced during each experiment
3.4 Dissolved Inorganic Nutrients
3.4.1 Introduction
This section shows the results of dissolved inorganic nutrient analysis. Comparisons of
data are made between mean values of nutrients. All references to statistical differences
are in terms of ± standard error of the mean.
Excess levels of silicate, phosphate, trace metals and vitamins were added to treatment
microcosms (reservoirs and reactors) along with either nitrate or ammonium to ensure
that only nitrogen limited phytoplankton growth. Concentrations of dissolved inorganic
nutrients determined by flow injector autoanalyser are shown in Appendix XIV.
Time series of silicate, phosphate, nitrate and ammonium concentrations present during
each experiment are shown in Figures 3.28 - 3.31 and are commented upon in sections
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3.4.2 - 3.4.6. Figure 3.32 compares concentrations of background nitrate present at the
beginning of each experiment. A summary of the main points is presented in section
3.4.7.
3.4.2 Spring Experiment 1
Concentrations of nitrate, ammonium, phosphate and silicate detennined during Spring
Experiment 1 are shown in Figure 3.28. The controls received no enrichments, the
nitrate enriched microcosms received 12.00 M of nitrate, 18.00 M silicate and 1.80
M phosphate on day l, the ammonium enriched microcosms received 24 M
ammonium, 18.00 M silicate and 1.80 M phosphate on day l. During this
experiment the ammonium enriched microcosms accidentally received 24.00 M of
ammonium instead of 12.00 M.
In the control and nitrate enriched microcosms nitrate, ammonium and phosphate
declined to < 1.00 M by day 3. Silicate remained in excess of 1.00 M until day 5 in
treatment microcosms. The decline of phosphate was similar for controls and nitrate
enriched microcosms. There were two very different responses to the ammonium
additions, in one microcosm (microcosm 5) the ammonium was all taken up by the
microplankton by day 3, in the other (microcosm 6) 15.39 M of ammonium was still
detectable in the media on day 3 and did not decline below 1.00 . until day 5. This
difference in response produced the large error bar for ammonium on day 3. In
ammonium enriched microcosms nitrate remained relatively constant until day 3 and did
not decrease to below 1.00 M until day 5. In one of the ammonium enriched
microcosms (microcosm 6) silicate concentrations were still high at 15.73 M on day 3.
It then declined until day 5 after which it began to rise again until levels reached 13.32
M by the end of the experiment. Phosphate and nitrate concentrations also began to
build-up again towards the end of the experiment in ammonium enriched microcosm 6.
The silicate in the other ammonium enriched microcosm (microcosm 5) remained low
throughout the remainder of the experiment after the initial decline. The silicate,
phosphate and nitrate build-up towards the end of the experiment in ammonium
enriched microcosm 6 might imply that diatoms (which need to incorporate silicate into
their cell walls) had declined and were unable to utilise inputs of silicate, phosphate and
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nitrate from the reservoir. This dual response to ammonium enrichment produced large
error bars for silicate from days 7 - 13. I all microcosms there were occasional, small,
short-term increases in ammonium concentrations.
3.4.3 Spring Experiment 2
Concentrations of nitrate, ammonium, phosphate and silicate determined during Spring
Experiment 2 are shown in Figure 3.29. There was a delay in beginning the experiment
which meant that enrichment did not take place until day 2 of the experiment. The
controls received no enrichments, the nitrate enriched microcosms received 12.00 M of
nitrate, 18.00 M silicate and 1.80 M phosphate on day 2, the ammonium enriched
microcosms received 12.00 M ammonium, 18.00 M silicate and 1.80 M phosphate
on day 2.
I the control microcosms there was little decline in nutrients between day 0 and day 1.
Concentrations of all nutrients then declined until by day 7 levels were < 1.00 M. In
the nitrate enriched microcosms all nutrient concentrations had declined to < 1.00 M
by day 5, phosphate and nitrate levels remained low, however, silicate and ammonium
concentrations began to rise again after day 7. In the ammonium enriched microcosms
silicate and phosphate concentrations showed the same general pattern as in the nitrate
enriched microcosms. The rise in silicate towards the end of the experiment began on
day 9 and was not as extreme as in nitrate enriched microcosms. Ammonium
concentration declined to < 1.00 M by day 5 and then began to rise slightly after day 7,
levelling off between days 9 - 11. Concentrations of nitrate in ammonium enriched
microcosms remained fairly constant between days 2 - 3 and then declined to < 1.00 M
by day 5 remaining low throughout the remainder to the experiment. A11 treatment
microcosms experienced a decline in nutrients prior to enrichment.
3.4.4 Summer Experiment
Concentrations of nitrate, ammonium, phosphate and silicate determined during the
Summer Experiment are shown in Figure 3.30. The controls received no enrichments,
the nitrate enriched microcosms received 12.00 M of nitrate, 18.00 M silicate and
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1.80 M phosphate on day 1, the ammonium enriched microcosms received 12.00 M
ammonium, 18.00 M silicate and 1.80 M phosphate on day 1.
I the control microcosms after day 1 all nutrients except silicate declined to < 1.00 M
with ammonium rising above this level towards the end of the experiment. Silicate
declined slowly until by day 3 there was 1.36 M present, levels uctuated around this
concentration throughout the remainder of the experiment. In all microcosms which
received DAIN enrichments nutrient concentrations had declined to < 1.00 M by day 3
except for silicate. Silicate was always present in excess of the other nutrients
throughout the experiment and showed a tendency to rise slightly after the initial decline
in both treatments, but not to the same extent as during Spring Experiments 1 and 2.
The large error bars on day 3 for silicate in both treatments show that the rate of silicate
uptake can be variable and that this variability is most pronounced in the ammonium
enriched microcosms.
3.4.5 Autumn Experiment
Concentrations of nitrate, ammonium, phosphate and silicate determined during the
Autumn Experiment are shown in Figure 3.31. The controls received no enrichments,
the nitrate enriched microcosms received 12.00 M of nitrate, 18.00 M silicate and
1.80 M phosphate on day 1, the ammonium enriched microcosms received 12.00 M
ammonium, 18.00 M silicate and 1.80 M phosphate on day 1.
In the control microcosms all nutrients except silicate were present at concentrations <
1.00 M throughout the experiment. In all microcosms which received DAIN
enrichments nutrient concentrations had declined to < 1.00 M by day 3 except for
silicate which did not decline to < 1.00 M until day 5. Ammonium rose above, and
then uctuated around, 1 M after day 9. Silicate was generally in excess of the other
nutrients throughout the experiment and showed a tendency to rise after the initial
decline in both treatments. The large error bars on day 3 for silicate in both treatments
show the rate of silicate uptake can be variable.
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3.4.6 Comparísons between Seasons I
There were seasonal differences in the concentrations of background nutrients that were
present in the sea. This effect can be seen by comparing nutrient levels in the controls
(Figures 3.25(a), 3.26(a), 3.27(a) and 3.28(a)) as they contained only the background
nutrients with no nutrient enrichments. In the two Spring Experiments background
nutrient concentrations were high compared to the Summer and Autumn Experiments,
except for ammonium which was present in the environment at low levels at all seasons.
Differences in background nitrate, which are shown in Figure 3.32, meant that
microplankton in the Spring Experiments were exposed to more DAIN both in the initial
enrichment and in the continuous diluent inputs from the reservoir. I the Spring
Experiments there was an inhibition/preference effect in the ammonium enriched
microcosms which resulted in a delay in nitrate uptake. In all experiments levels of
silicate had a tendency to rise after an initial decline in concentration, this effect was
more pronounced during Spring Experiments l and 2.
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3.4.7 Summary
After enrichment all nutrients rapidly declined, although there was a slight delay in the
ammonium enriched microcosm during Spring Experiment l, probably due to nitrate
uptake inhibition. During Spring Experiment 2 nitrate declined the day after enrichment
in nitrate enriched microcosms, whereas in ammonium enriched microcosms it did not
decline until after day 3. Nutrient levels remained low after the initial decline with the
exception of silicate which began to rise towards the end of the experiments, especially
in the Spring. Background levels of nutrients were higher at the beginning of the two
Spring Experiments and at the limits of detection at the beginning of the Summer and
Autumn Experiments.
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3.5 Particulate Carbon and Particulate Nitrogen
3.5.1 Introduction
This section shows the results of particulate carbon and nitrogen analysis. Comparisons
of data are made between mean values of particulate carbon or nitrogen. All references
to statistical differences are in tenns of ± standard error of the mean.
Particulate carbon and nitrogen concentrations give a measure of the biomass of the
microplankton community plus any detritus present. Particulate nitrogen is used to
calculate q in three of the q estimation methods. Particulate carbon and nitrogen are
also used to produce C:Chl and C:N ratios which indicate the nutrient status of the
microplankton and how it changes over time, and for cell quota calculations.
Concentrations of particulate carbon and particulate nitrogen determined by CHN
analyser are shown in Appendix XV.
Time series of particulate carbon and nitrogen for each experiment are shown in Figures
3.33 ~ 3.36, and are commented upon in sections 3.5.2 - 3.5.6. A summary of the main
points is presented in section 3.5.7.
3.5.2 Spring Experiment 1
Concentrations of paticulate carbon and particulate nitrogen determined during Spring
Experiment 1 are shown in Figure 3.33. Concentrations of particulate carbon and
nitrogen were always lower in the controls than in the treatment microcosms after day 1.
Particulate carbon reached a maximum concentration by day 5 in all treatments and then
declined over time with end of experiment concentrations always higher than they were
at the beginning of the experiment. There were large differences in the quantity of
particulate carbon produced in the two ammonium enriched microcosms resulting in
large error bars, with concentrations of carbon in microcosm 6 always much lower than
in microcosm 5 after day 1. Particulate carbon concentrations in ammonium enriched
microcosm 5 were always higher than those in the nitrate enriched microcosms, but
particulate carbon concentrations in ammonium enriched microcosm 6 were lower than
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in the nitrate enriched microcosms after day 5. The decline in particulate carbon over
time was faster in ammonium enriched microcosms compared to nitrate enriched
microcosms and controls due to much lower values in microcosm 6.
Particulate nitrogen reached a maximum concentration by day 3 in nitrate enriched
microcosms, and by day 5 in controls and ammonium enriched microcosms. I the
controls there was a slow decline in particulate nitrogen over time. I nitrate enriched
microcosms there was a general decline after the maximum concentration.
Concentrations of particulate nitrogen were always higher at the end of the experiment
than at the beginning. There were large differences in the quantity of particulate
nitrogen produced in the two ammonium enriched microcosms resulting in large error
bars, with concentrations of nitrogen in microcosm 6 always much lower than in
microcosm 5 on day 3 and after day 5. Particulate nitrogen concentrations in
ammonium enriched microcosm 5 were always higher than those in the nitrate enriched
microcosms, but particulate nitrogen concentrations in ammonium enriched microcosm
6 were lower than in the nitrate enriched microcosms after day 9. The decline in
particulate nitrogen over time was faster in ammonium enriched microcosms compared
to nitrate enriched microcosms and controls due to much lower values in microcosm 6.
3.5.3 Spring Experiment 2
Concentrations of particulate carbon and particulate nitrogen determined for Spring
Experiment 2 are shown in Figure 3.34. Concentrations of both particulate carbon and
particulate nitrogen were always lower in the controls than in the enriched microcosms
after day 3.
Particulate carbon reached a maximum concentration by day 7 in treatments and
controls, and then declined. Concentrations were higher at the end of the experiment
than at the beginning except in the controls. There did not appear to be any significant
difference between treatments.
Particulate nitrogen reached a maximum concentration by day 5 in treatment
microcosms. I the controls the particulate nitrogen concentration remained fairly stable
after an initial increase between days 1 - 3. It then declined after day 7 until, by day ll,
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it had reached similar levels to those detected at the beginning of the experiment. I the
treatment microcosms, after maximum concentration was reached, there was a steady
decline in particulate nitrogen, but at the end of the experiment concentrations were still
approximately twice as high as those detected at the beginning. There was not any
significant difference between treatments.
3.5.4 Summer Experiment
Concentrations of particulate carbon and particulate nitrogen determined for the
Summer Experiment are shown in Figure 3.35. Concentrations of both particulate
carbon and particulate nitrogen were always lower in the controls than in the enriched
microcosms after day 1. The maximum particulate nitrogen had to be interpolated in all
treatments due to loss of samples during analysis.
Particulate carbon reached a maximum concentration by day 1 in the controls and then
declined slowly until it reached levels similar to those present at the beginning of the
experiment. In treatment microcosms the maximum particulate carbon occurred on day
5 and then declined until day 7, after which levels remained fairly stable with
concentrations at the end of the experiment higher than they were at the beginning of the
experiment. There were significant differences between treatments from day 5 onwards
with higher concentrations of particulate carbon in nitrate enriched microcosms.
Particulate nitrogen reached a maximum concentration by day 3 in the control
microcosms and then declined slowly until it reached similar levels to those present at
the beginning of the experiment. I all treatment microcosms maximum particulate
nitrogen occurred on day 3 and then declined until day 7. After this levels remained
fairly stable with concentrations higher at the end of the experiment always higher than
they were at the beginning of the experiment. There were no significant differences
between treatments.
3.5.5 Autumn Experiment
Concentrations of particulate carbon and particulate nitrogen determined for the Autumn
Experiment are shown in Figure 3.36. Concentrations of both particulate carbon and
particulate nitrogen were always lower in the controls than in the enriched microcosms
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after day l. The maximum particulate nitrogen had to be intepolated in all treatments
due to loss of samples during analysis.
I the controls the highest concentration of particulate carbon occurred at the beginning
of the experiment and then slowly declined. I all treatment microcosms maximum
particulate carbon occurred on day 9 and then slowly declined with levels at the end of
the experiment higher than they were at the beginning of the experiment. There were no
significant differences between treatments.
I the control microcosms the highest concentration of particulate nitrogen occurred at
the beginning of the experiment and then slowly declined. In all treatment microcosms
maximum particulate nitrogen concentrations occurred on day 3 and then slowly
declined until by day ll levels were similar to those present at the beginning of the
experiment. There were no significant differences between treatments.
3.5.6 Comparisons between Seasons
The highest concentration of particulate carbon occurred during the Spring Experiments
and the lowest concentration was in the Autumn. Concentrations of particulate carbon
declined faster in the Spring Experiments and levelled off towards the end of the
Summerand Autumn Experiments. The maximum peak in particulate carbon occurred
at different times depending on the season: day 5 in the Summer and Spring
Experiment 1; day 7 in Spring Experiment 2; day 9 in the Autumn Experiment.
Particulate carbon concentrations in treatment microcosms were always higher at the
end of the experiment than they were prior to enrichment. There was more variability
between replicates in the Spring Experiments.
The highest concentrations of particulate nitrogen occurred during the Spring
Experiments and the lowest concentration was in the Autumn. Concentrations of
particulate nitrogen declined faster in the Spring Experiments and levelled off more
towards the end of the Summer and Autumn Experiments. The maximum peak
occurred on day 3 for nitrate enriched microcosms and day 5 for ammonium enriched
microcosms in Spring Experiment 1, on day 5 for all treatments in Spring Experiment 2,
and on day 3 for all treatments in the Summer and Autumn Experiments. Particulate
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nitrogen concentrations in treatment microcosms were generally higher at the end of the
experiment than they were prior to enrichment, except during the Autumn Experiment
when they were similar. There was more variability between replicates in the Spring
Experiments.
3.5.7 Summary
Concentrations of particulate nitrogen and carbon were always lower in controls than in
the treatments after enrichment. I general, particulate nitrogen peaked soon after
enrichment but carbon was slower to peak, especially in the Autumn Experiment.
Particulate carbon concentrations in treatment microcosms were always higher at the
end of the experiment than they were prior to enrichment. Particulate nitrogen
concentrations in treatment microcosms were generally higher at the end of the
experiment than they were prior to enrichment, except during the Autumn Experiment
when they were similar. During the Spring Experiments there was a general decline in
both particulate carbon and nitrogen after the peak but during the Summer and Autumn
Experiments levels remained fairly stable after the peak for particulate carbon, and
particulate nitrogen declined at a slower rate. The highest concentration of particulate
carbon and nitrogen occurred in the Spring Experiments and the lowest occurred during
the Autumn Experiments.
3.6 DAIN Uptake Rates Determined using Nitrogen
Isotope Methods
3.6.1 Introduction
This section deals with results of the nitrogen uptake experiments which were carried
out during Spring Experiment 1 and the Autumn Experiment. All discussion is in terms
of the mean value of nitrogen uptake rate and ± SE of the mean.
Differences in nitrogen uptake rates may have an affect on the value of q and it was thus
desirable to have measurements spread throughout the enrichment experiments so that
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any variations in uptake rate during the course of each experiment could be determined
and related to changes in q. DAIN uptake rates determined using nitrogen isotopes are
shown in Appendix XVI.
Figures 3.37 - 3.38 show nitrate and ammonium uptake rates that were measured in
between normal sampling days with either nitrate or ammonium being determined every
second day. The results of experiments carried out during each season are commented
upon in sections 3.6.2 - 3.6.3 and a comparison between the two seasons is undertaken
in section 3.6.4. A summary of the main points is presented in section 3.6.5.
3.6.2 Spring Experiment 1
Nitrate and ammonium uptake rates in the treatment microcosms were determined using
nitrogen isotope techniques during Spring Experiment 1 and the results are shown in
Figure 3.37.
Patterns in uptake rates were similar in both nitrate and ammonium enriched
microcosms. Nitrate uptake rates were lower than ammonium uptake rates at the
beginning of the experiment. Uptake rates were similar for nitrate and ammonium
during the middle of the experiment. At the end of the experiment nitrate uptake rates
were higher than ammonium uptake rates.
In the nitrate enriched microcosms highest nitrate uptake rates of 2.59 mol d" occurred
on day 5, decreasing slightly by day 9 to 2.02 mol d". The highest ammonium uptake
rate in the nitrate enriched microcosms was 2.67 mol d`l on day 7.
In the ammonium enriched microcosms the nitrate uptake rate was highest on day 5 at
2.28 mol d", declining by day 9 to 1.09 mol d`1, although there was a lot of variability
in uptake rates between replicate microcosms on days l and 9. The ammonium uptake
rate was highest at the beginning of the experiment on day 3 with uptake rates of 3.00
mol d`1. By day 7, ammonium uptake rates were still high at 2.06 mol d`1, decreasing
ro 0.15 mo <1" by day 11.
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3.6.3 Autumn Experiment
Nitrate and ammonium uptake rates in the treatment microcosms were detennined using
nitrogen isotope techniques during the Autumn Experiment and the results are shown in
Figure 3.38.
I the nitrate enriched microcosms the nitrate uptake rate was higher at the beginning of
the experiment with mean uptake rates of 1.94 mol d", slowing down to 0.05 mol d"
by day 5. The ammonium uptake rate was highest at the end of the experiment on day
ll with uptake rates of 0.73 mol d`1. Ammonium uptake rates were low at the
beginning and middle of the experiment, 0.23 and 0.26 mol d" respectively, and rose
towards the end of the experiment to 0.73.
I the ammonium enriched microcosms the nitrate uptake rate was highest on day 1 with
mean values of 0.37 mol d", slowing down to 0.05 mol d` by day 5. The
ammonium uptake rate was highest at the end of the experiment on day 11 with mean
uptake rates of 0.67 mol d". Ammonium uptake rates on days 3 and 7 were 0.23 mol
<1".
Nitrate uptake rates in the nitrate enriched microcosms were higher than nitrate uptake
rates in the ammonium enriched microcosms on day l, uptake rates for both treatments
were very similar on days 5 and 9. The highest nitrate uptake rates for both treatments
were on day l. Ammonium uptake rates were very similar for both treatments with the
highest uptake rates being on day 11.
3.6.4 Comparison between Seasons
Uptake rates for nitrate and ammonium in both treatments were generally higher in the
Spring Experiment than in the Autumn Experiment. There was more variability
between treatments in the Spring Experiment, whereas in the Autumn uptake rates for
ammonium and nitrate were very similar for both treatments.
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3.6.5 Summary
Uptake rates of nitrate and ammonium were variable during both experiments. In
general, during Spring Experiment 1, nitrate uptake tended to be highest at the
beginning of the experiments in nitrate enriched microcosms, and highest at the end in
ammonium enriched microcosms. Ammonium uptake rates were high throughout
Spring Experiment 1 except towards the end of the time series in the ammonium
enriched microcosms. During the Autumn Experiment uptake rates of both ammonium
and nitrate were low compared to Spring Experiment 1. During the Autumn
Experiment nitrate uptake rates decreased to very low levels after day 1 whereas
ammonium uptake rates increased towards the end of the experiment. There was more
variability in uptake rates between treatments during Spring Experiment 1, whereas in
the Autumn Experiment they were similar.
3.7 Microplankton
3.7.1 Introduction
All microplankton results included in this section represent organisms < 200 m and >
20 m in size. Comparisons of data are between the mean abundance for each species.
All references to statistical differences are in terms of ± standard error of the mean. The
results are presented as time series so that any changes in the dominant species after an
enrichment event can be clearly seen. There were many species present and only the
most abundant phytoplankton and grazers are shown in graphs to aid clarity. Complete
enumeration of algal species is shown in Appendix XVII. Microplankton were
identified down to genus.
Enumeration and identification of microplankton was necessary as changes in the
dominant species of algae and their protozoan grazers may affect the value of q either
temporally or seasonally.
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Figures 3.39 - 3.42 show the results of microscopic analysis of the microplankton, the
graphs are commented upon in sections 3.7.2 -3.7.6. A summary of the main points is
presented in section 3.7.7. Microplankton generally increase by binary division and any
changes in abundance is exponential. Therefore logarithmic values have been used for
the graphs.
3.7.2 Spring Experiment 1
The most abundant microplankton present during Spring Experiment 1 are shown in
Figure 3.39. The dominant phytoplankter present was the chain-forming diatom
Skeletonema costatum, with highest numbers of cells occurring on day 5 in controls and
in ammonium enriched microcosms and on day 7 in nitrate enriched microcosms. The
number of cells remained high throughout the experiment despite a steady decline after
day 7, except in ammonium enriched microcosm 6, where no Skeletonema costatum
cells were counted on day 13. There are wide error bars associated with the ammonium
treatment due to the large decrease in cells occurring in microcosm 6. Apart from
Skeletonema costatum there were three other abundant phytoplankton species present:
Nitzschía sp., Thalassiosira sp. and Chaetoceros sp. - all diatoms. Chaetoceros sp.
abundance increaseduntil day 7 in controls, day 9 in the nitrate enriched microcosms
and day 5 in ammonium enriched microcosms, after which there was a general decline
in abundance. There was an initial increase in Thalassiosira sp cell numbers which
reached a maximum on day 3 in the controls and nitrate enriched microcosms and day 5
in ammonium enriched microcosms after which abundance generally declined.
Nitzschia sp. abundance increased until day ll in the controls, day 9 in the nitrate
enriched microcosms and day 13 in the ammonium enriched microcosms. Others
diatoms present in lower and more variable numbers were Asterionellopsis glacialis,
Ditylum bríghtwellií, Lauderia borealis and Leptocylindricus sp. Autotrophic
dinoagellates were very rare. There were occasional occurrences of Prorocentrum sp.,
Gonyaulax/Gymnodinium sp., Scrippsiella/Hetercapsa sp. and Diplosalis sp. The
abundance of the four main phytoplankton species was generally greater in the
treatments than in the controls, although Chaetoceros sp. numbers fell more quickly in
ammonium enriched microcosms. Nitrate enriched microcosms generally produced the
greatest abundance of phytoplankton cells after day 7 due mainly to the divergence in
cell numbers between the two ammonium enriched microcosms.
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There was a general increase in ciliate abundance after day 3, with numbers declining
slightly in the controls and ammonium enriched microcosms towards the end of the
experiment Numbers of small heterotrophic dinoagellates (Protoperidinium sp.) in
nitrate enriched microcosms rose between day 1 - 3 and then remained relatively
constant throughout the remainder of the experiment. In the controls abundance
declined until after day 5 when abundance rose to reach a peak on day 9 before
declining again. In the ammonium enriched microcosms numbers rose between days 3 -
5 and then were fairly steady until day 9 when they again declined. Ciliate abundance
was not significantly different between treatments and controls. Small heterotrophic
dinoagellate abundance was less variable in the nitrate enriched microcosms
compared to the other microcosms, and cell numbers did not decline at the end of the
experiment as they did in the controls and amnonium enriched microcosms.
3.7.3 §pring Experiment 2
The most abundant microplankton present during Spring Experiment 2 are shown in
Figure 3.40. The dominant phytoplankter present was the chain-forming diatom
Skeletonema costatum with highest numbers of cells occurring on day 5 in control
microcosms and day 7 in treatment microcosms, after which numbers began to decline.
There were three other abundant phytoplankton species present during the experiment:
Nitzschia sp., Thalassiosira sp. and Chaetoceros sp. - all diatoms. I controls
Chaetoceros sp. increased until day 5 and then numbers fell so that by day ll abundance
was lower than at the start of the experiment. I treatment microcosms an increase in
Chaetoceros sp. occurred between day 0 and day 1 and then decreased until day 3 before
rising again to reach a maximum abundance on day 7. Numbers then declined in
treatment microcosms but began to rise again in ammonium enriched microcosms after
day 9. In controls Thalassiosira sp. numbers rose between days 1 and 3 after an initial
decline and then generally decreased over time. In treatment microcosms numbers
declined between days 0 - 1 and then rose until day 5 in nitrate enriched microcosms
and day 7 in ammonium enriched microcosms. Abundance decreased towards the end
of the experiment. In controls Nitzschia sp. abundance was variable and cell numbers
did not rise much above starting values. In nitrate enriched microcosms Nitzschia sp.
abundance rose until day 9 and then numbers declined. In ammonium enriched
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microcosms cell numbers never rose above those present at the start of the experiment.
Others diatoms present in lower and more variable numbers were Asterionellopsis
glacialis, Rhizosolenia sp., Ditylum brightwellii, Lauderia borealis and
Leptocylindricus sp. Autotrophic dinoflagellates were very rare. There were occasional
occurrences of Prorocentrum sp., Gonyaulax/Gymnodinium sp.,
Scrippsiella/Hetercapsa sp. and Diplosalis sp. The abundances of the four main
phytoplankton species were greater in the treatments than in the controls, but there were
no obviously significant differences between the treatments.
There was an increase in ciliates in control microcosms after day 1 and cell numbers
exhibited a general increase throughout the experiment. There was a general decrease in
ciliates in treatment microcosms until day 5 in nitrate enriched microcosms, and day 3 in
ammonium enriched microcosms, after which numbers began to rise. Abundance
remained high throughout the remainder of the experiment with a decrease occurring
after day 9 in nitrate enriched microcosms. Small heterotrophic dinoagellate cell
numbers varied around the start-up abundance in controls until day 5 when abundance
increased reaching a maximum by day 9 before decreasing. There was an initial
decrease in abundance in the treatment microcosms until day 1 in the nitrate enriched
microcosms, and day 3 in the ammonium enriched microcosms, after which numbers
increased until day 9 before decreasing. Numbers of ciliates in treatment microcosms
were higher than in controls but small heterotrophic dinoagellate abundance was
similar for all microcosms. There were no obvious differences between treatments.
3.7.4 Summer Experiment
The most abundant phytoplankton present during the Summer Experiment are shown in
Figure 3.41. The four most abundant species were Chaetoceros sp., Leptocylindricus
sp., Skeletonema costatum, and Nitzschia sp. listed in order of abundance. In controls
Chaetoceros sp. increased in abundance until day 5 and then rapidly declined. In
treatment microcosms the abundance rose until day 7 in nitrate enriched microcosms
and day 5 in ammonium enriched microcosms before declining. The decline in
ammonium enriched microcosms was greater than in nitrate enriched microcosms. In
the control microcosms Leptocylindricus sp. cell numbers rose until day 5 and then
rapidly declined until day 9 when numbers began to increase. I the treatment
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microcosms there was a rapid increase in cell numbers between days 1 and 3, after
which the increase continued at a slower rate until the end of the experiment. I the
controls Skeleronema costatum and Nitzschia sp. generally declined as the experiment
progressed, whereas in treatment microcosms they showed the same general pattem of
change as Leptocylindricus sp. The other abundant phytoplankton present were the
diatoms Rhizosolenia sp. and Thalassiosira sp. and autotrophic dinoflagellates
Scrippsiella/Heterocapsa sp. and Gonyaulax/Gymnodinium sp. After the initial increase
between days 1 - 3 in treatment microcosms abundances remained high throughout the
experiment except for a fall in Scrippsiella/Heterocapsa sp. on day 9 in nitrate enriched
microcosms. Other phytoplankton present in lower and more variable numbers were
diatoms Cerataulina bergonii and Lauderia borealis, the euglenoid Eutreptiella sp., and
the autotrophic ciliate Mesodinium sp. which were only present > 3000 cells 1" in
ammonium enriched microcosms. Treatment microcosms had higher cell numbers of
all four of the dominant species compared to controls.
There was an increase in ciliates in all microcosms until day 7 in controls and nitrate
enriched microcosms and day 5 in ammonium enriched microcosms followed by a
steady decrease in cell numbers. Larger heterotrophic dinoflagellates
(Amphidinium/Gymnodinium/Gyrodinium/Protoperidinium) declined in abundance as
the experiment progressed until day 9 in controls and nitrate enriched microcosms
before rising slightly. In ammonium enriched microcosms cell numbers remained
relatively constant until day 7 when there was a rapid decline. There was a rapid
increase in the abundance of small heterotrophic dinoagellates between days 1 and 7 in
controls after which cell numbers decreased but still remained high. In treatment
microcosms there was a rapid increase in abundance between days 1 and 3, faster than in
the controls, after which the increase continued at a slower rate. Ciliate abundance was
higher in ammonium enriched microcosms compared to the other microcosms. Changes
in large heterotrophic dinoflagellate abundance were similar for treatments and controls.
Small heterotrophic dinoflagellate abundance was greater in treatment microcosms
compared to controls, but there was no significant difference between treatments.
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3.7.5 Autumn Experiment
The abundance of microplankton present in the Autumn Experiment are shown in
Figure 3.42. The four most abundant species of phytoplankton in the Autumn
Experiment were Chaetoceros sp., Skeletonema costatum, Leptocylíndricus sp. and
Nitzschia sp. listed in order of abundance. I the control microcosms there was a
general decrease in phytoplankton abundance over the course of the experiment, apart
from a rise on day 9 after which numbers once more declined. I treatment microcosms
Chaetoceros sp. increased in abundance until day 5 after which cell numbers remained
relatively constant until increasing after day 9. Skeletonema costatum increased in
abundance until day 5 and then generally declined after day 9. Leptocylindricus sp.
increased in abundance until day 3 in nitrate enriched microcosms and day 5 in
ammonium enriched microcosms and then generally declined until the end of the
experiment. Nitzschia sp. cell numbers increased until day 7 and then generally
declined. The other abundant phytoplankton present were the diatoms Rhizosolenia sp.,
Eucampia zoodiacus, Ditylum brightwellii and Thalassiosira sp. and autotrophic
dinoagellates Scrippsiella/Heterocapsa sp. and Gonyaulax/Gymnodinium sp. After the
initial increase in treatment microcosms abundances remained high throughout the
experiment until day 11. Other phytoplankton present in lower and more variable
numbers were the diatoms Cerataulina bergonii and Lauderia borealis, the autotrophic
ciliate Mesodinium sp. and the agellate Eutreptiella sp. which was only present > 3000
cells 1" in ammonium enriched microcosms. The abundance of the dominant
phytoplankton was higher in the treatments than in the controls, but there were no
significant differences between the treatments.
In controls there was a sharp decline in all grazers until day 3. Large heterotrophic
dinoagellate and ciliate numbers, although fluctuating, stabilised at a lower abundance,
whereas the smaller heterotrophic dinoflagellate abundance declined to below detection
by day 9 before rising again. After an initial decrease in' cell numbers between days 0
and 1, ciliate abundance increased until day 5 in nitrate enriched microcosms and day 11
in ammonium enriched microcosms. Ciliate abundance remained relatively steady in
nitrate enriched microcosms until day 9 when numbers decline, in ammonium enriched
microcosms abundance decreased after day ll. Large heterotrophic abundance declined
until day 9 in nitrate enriched microcosms after which cell numbers rose. I ammonium
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enriched microcosms cell numbers uctuated around start-up values. Small
heterotrophic dinoagellate abundance initially declined between day O and 1 in
treatment microcosms and then generally increased until day 9 in nitrate enriched
microcosms and day ll in ammonium enriched microcosms before declining. Ciliate
and small heterotrophic dinoagellate abundance was higher towards the end of the
experiment in treatment microcosms compared to controls. Large heterotrophic
dinoagellate abundance remained low in treatments and controls.
3.7.6 Comparisons between Seasons
There were seasonal differences in dominant species with Skeletonema costatum much
more abundant during the Spring than any other microplankton species. I contrast in
the Summer and Autumn there were four dominant species, Chaetoceros sp.,
Skeletonema costatum, Leptocylindricus sp. and Nitzschia sp. There was also greater
diversity in the Summer and Autumn Experiments compared to the Spring Experiments.
There abundance of the most dominant phytoplankton present during Spring
Experiments 1 and 2, Skeletonema costatum, was generally higher than the abundance
of the dominant phytoplankton present during the Summer and Autumn Experiments,
Chaetoceros sp. Phytoplankton declined throughout 'the Autumn Experiment in control
microcosms.
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3.7.7 Summary
During Spring Experiments 1 and 2 the chain-forming diatom Skeletonema costatum
dominated the phytoplankton. The highest abundance occurred on days 5-7 in both
experiments and declined towards the end of the experiment. Skeletonema costatum cell
numbers remained high throughout Spring Experiment 1, except on the last day of the
experiment when no cells were observed in ammonium enriched microcosm 6. In
Spring Experiment 2 cell abundance declined drastically especially between days 9-1 1.
The other dominant species present during the Spring Experiments were the diatoms
Nitzschia sp., Thalassiosira sp. and Chaetoceros sp., their abundance followed similar
patterns to S. costatum except for Nitzschia sp. which increased in abundance towards
the end of Spring Experiment. The main grazers present in this size class were the
heterotrophic dinoagellates Protoperidinium sp., which were abundant throughout the
experiments and ciliates which increased in abundance as the experiments progressed.
During the Summer and Autumn Experiments there were four dominant chain-forming
diatoms Chaetoceros sp., S. costatum, Leptocylíndricus sp. and Nitzschia sp. with
Chaetoceros being the most abundant species throughout both experiments. After
initial increases in abundance after enrichment cell numbers remained fairly constant.
Heterotrophic grazers were predominantly ciliates with some heterotrophic
dinoagellates and Protoperidinium sp. I the Summer Experiment grazer numbers
increased after enrichment but soon declined, whereas in the Autumn Experiment grazer
numbers rose after enrichment and then remained fairly constant. There was higher
diversity during the Summer and Autumn Experiments.
3.8 Nanoagellates and Bacteria
3.8.1 Introduction
The results of nanoagellate and bacterial enumeration are presented as time series in
this section so that any changes in abundance after an enrichment event can be clearly
seen and any interactions between bacteria and the heterotrophic nanoflagellates can be
observed. All comparisons of data are made between mean abundances of organisms.
All references to statistical differences are in terms of ± standard error of the mean.
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Heterotrophic nanoagellates and bacteria both produce regenerated nitrogen and are
important components of the microbial food web and hence may be able to affect the
value of q. I addition, under oligotrophic conditions bacteria can compete with
phytoplankton for ammonium.
Figures 3.43 - 3.46 show time series for autotrophic nanoagellates, heterotrophic
nanoagellates and bacteria, the results are commented upon in sections 3.8.2 -3.8.6. A
summary of the main points is presented in section 3.8.7. Bacteria and nanoagellates
generally increase by binary division and any changes in abundance is exponential.
Therefore logarithmic values have been used for the graphs. Nanoagellate data is
shown in Appendix XVIII and bacteria data is shown in Appendix XIX.
3.8.2 Qpring Experiment 1
Nanoagellate and bacterial abundance during Spring Experiment 1 are shown in Figure
3.43.
There was a slight increase in autotrophic nanoagellate abundance between days 3 - 5
in the controls, cell numbers then declined until the end of the experiment. Autotrophic
nanoagellate abundance was fairly stable until day 7 in nitrate enriched microcosms,
numbers then fell until day 9 and then stabilised again until the end of the experiment.
Abundance of autotrophic nanoagellates rose between days 3 - 5 in ammonium
enriched microcosms and then cell numbers steadily declined until day 9, rising slightly
on day ll before declining again by day 13. Cell numbers in controls were significantly
higher than in nitrate enriched microcosms between days 7 - 9. Abundance of
autotrophic nanoagellates was significantly higher in ammonium enriched microcosms
compared to the controls between days ll - 13. Between days 5 - 11 cell numbers of
autotrophic nanoagellates were greater in the ammonium enriched microcosms than in
the nitrate enriched microcosms, but significant differences only occurred between days
9 - 11.
There was a sharp increase in heterotrophic nanoagellate cell numbers in the controls
and nitrate enriched microcosms between days 3 - 5. After day 5 numbers began to
steadily decrease in controls but remained fairly stable in the nitrate enriched
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microcosms. The rise in heterotrophic nanoagellate cell numbers in the ammonium
enriched microcosms began from day 1 and continued until day 7, after day 7 there was
a steady decrease in cell numbers. Significant differences between controls and nitrate
enriched microcosms only occurred on day 3 with higher cell numbers in the nitrate
enriched microcosms. Heterotrophic nanoagellate abundance in ammonium enriched
microcosms was significantly greater than in the controls and nitrate enriched
microcosms on day 3 and between days 7 - ll.
Bacteria were abundant throughout the experiment in all microcosms. There were no
significant differences in cell numbers between controls and nitrate enriched
microcosms. Bacterial numbers in ammonium enriched microcosms were higher
towards the end of the experiment than in the other microcosms, but the difference was
only significant on day 7. Bacterial abundance increased towards the end of the
experiment, although there was a slight decrease in the ammonium enriched microcosms
by day 13.
3.8.3 Sgring Experiment 2
Nanoflagellate and bacterial abundance during Spring Experiment 2 are shown in Figure
3.44.
There was an increase in autotrophic nanoagellate abundance until day 7 in the
controls and day 5 in the enriched microcosms. Cell numbers remained fairly constant
in the controls after day 3 until day 9 when there was a decrease in abundance. In
enriched microcosms there was a general decrease in cell numbers after day 5. There
were no significant differences between treatments or between treatments and controls.
There was an increase in heterotrophic nanoagellate cell numbers in the ammonium
enriched microcosms until day 3 and in the controls until day 7. I nitrate enriched
microcosms there was a gradual increase throughout the experiment and maximum
abundance occurred on day 13. There were no significant differences between nitrate
enriched microcosms and controls, but there were significant differences between
ammonium enriched microcosms and the other microcosms on day 3, with higher cell
numbers in ammonium enriched microcosms.
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Bacteria were abundant throughout the experiment in all microcosms. There were
significant differences in cell numbers between controls and enriched microcosms, with
greater abundance in nitrate enriched microcosms after day 5, and greater abundance in
ammonium enriched microcosms after day 3. There were no significant differences in
bacterial abundance between treatments. Cell numbers increased throughout the
experiment in treatment and control microcosms until day 9 when mean abundance
decreased in the enriched microcosms.
3.8.4 Summer Experiment
Nanoagellate and bacterial abundance during the Summer Experiment are shown in
Figure 3.45.
Autotrophic nanoagellate cell numbers were fairly constant in the controls until day 5
after which time there was a general decline in numbers until the end of the experiment.
I enriched microcosms cell numbers rose until day 3 and then generally declined until
day 7, numbers again increased on day 9 and then decreased once more. There were no
significant differences between treatments. Cell numbers in control microcosms
followed the same general pattern as in the enriched microcosms except that
significantly lower abundances occurred on days 3 and 9.
There was an increase in heterotrophic nanoagellate cell numbers in the controls until
day 5 after which time there was a steady decrease in abundance until day 9 when
numbers again increased. In nitrate enriched microcosms there was an increase in cell
numbers until day 5, after which time abundance slowly increased until day. In
ammonium enriched microcosms there was an increase in abundance until day 5,
numbers then decreased until day 7 after which time there was a steady increase in
abundance. There were no significant differences between enriched microcosms, but
treatment microcosms had higher abundances than controls after day 7 in nitrate
enriched microcosms and after day 3 in ammonium enriched microcosms.
Bacteria were abundant throughout the experiment in all microcosms. There were no
significant differences in cell numbers between microcosms except on day 7 when
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abundances were higher in ammonium enriched microcosms. Cell numbers increased
towards the end of the experiment in controls. Cell numbers did not rise until after day
5 in enriched microcosms when they increased until day 7 and then cell numbers
decreased again by day l 1.
3.8.5 Autumn Experiment
Nanoagellate and bacterial abundance during the Autumn Experiment are shown in
Figure 3.46.
Autotrophic nanoagellate cell numbers in the controls declined until day 5 followed by
an increase until day 7, thereafter numbers remained fairly constant. I enriched
microcosms cell numbers rose until day 3 and then declined until the end of the
experiment. There were no apparent significant differences between treatments.
Treatment microcosms contained significantly higher numbers of cells than controls on
days 3 - 5, and enriched microcosms contained lower numbers of cells than controls by
day 13.
There was a decrease in heterotrophic nanoflagellate cell numbers in the controls until
day 3 after which time abundance increased until day 7. Between days 7 - 9 cell
numbers decreased to approximate the original abundance and stayed at these levels
until the end of the experiment. I enriched microcosms there was an increase in
abundance until day 3, followed by a decline in cell numbers until day 5, thereafter there
was a general increase in cell numbers with highest abundance occurring at the end of
the experiment. There were no significant differences between treatments except on day
1 when cell numbers were higher in ammonium enriched microcosms. Treatment
microcosms contained significantly higher numbers of cells compared to controls on day
3 and days 9 - 13.
Bacteria were abundant throughout the experiment in all microcosms. There were no
significant differences in cell numbers between microcosms. Cell numbers increased
until day 3 in the controls but then decreased by day 7 after which time numbers stayed
fairly constant. Enriched microcosms showed the same general pattern with an increase
in cell numbers by day l followed by a fairly constant abundance with cell numbers
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declining after day 7 in nitrate enriched microcosms and day 9 in ammonium enriched
I`I11CI`OCOSII`lS.
3.8.6 Comparisons between Seasons
Bacteria and nanoagellate initial abundance at the beginning of the experiments was
generally lower in the Spring Experiments, especially in Spring Experiment 1. In all
seasons heterotrophic nanoagellate numbers increased from their initial levels as the
experiment progressed. Autotrophic nanoagellates generally displayed the opposite
trend with cell numbers decreasing towards the end of the experiment. Bacterial
numbers generally rose as the experiments progressed but often declined towards the
end. Decreases in bacterial abundance were often accompanied by an increase in
heterotrophic nanoagellate cell numbers, this is especially apparent at the end of the
Autumn Experiment. Heterotrophic and autotrophic abundance was similar at the
beginning of each experiment, but then diverged as heterotrophs increased in abundance
and autotrophs decreased in abundance.
3.8.7 Summary
I general, autotrophic nanoagellate abundance tended to decline after an initial
increase in response to enrichment, heterotrophic nanoagellate abundance increased
after enrichment and cell numbers remained high throughout all experiments. Bacterial
abundance was high throughout all experiments except towards the end of experiments.
Bacterial and nanoagellate abundance at the beginning of the Spring Experiments was
lower than in the Summer and Autumn Experiments. Decreases in bacterial cell
numbers were often accompanied by an increase in heterotrophic nanoagellate
abundance.
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Figure 3.14 Chlorophyll a and pheopigments determined by the
spectrophotometric trichromatic and acidification techniques for Spring
Experiment 1: a) Controls b) Nitrate enriched microcosms c) Ammonium
enriched microcosms. Error bars are ± standard error of the mean.
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Figure 3.17 Chlorophyll a and pheopigments determined by the
spectrophotometric trichromatic and acidification techniques for the Autumn
Experiment: a) Controls b) Nitrate enriched microcosms c) Ammonium
enriched microcosms. Error bars are ± standard error of the mean.
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Figure 3.18 Chlorophyll a and breakdown products determined by high
performance liquid chromatography techniques for Spring Experiment 2
a) Controls b) Nitrate enriched microcosms c) Ammonium enriched
microcosms. Error bars are ± standard error of the mean.
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performance liquid chromatography techniques for the Summer
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Figure 3.20 Chlorophyll a and breakdown products determined by high
performance liquid chromatography techniques for the Autumn Experiment
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Figure 3.21 The proportional change in chlorophyll a and its breakdown
products determined by HPLC for Spring Experiment 2:
a) Controls b) Nitrate enriched microcosns c) Ammonium enriched
microcosms.
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Figure 3.22 The proportional change in chlorophyll a and its breakdown
products determined by HPLC for the Sunmer Experiment:
a) Controls b) Nitrate enriched microcosms c) Ammonium enriched
nicrocosms.
175
3) 100%-
s0% -
P gment
60% -
._ 40% -
20% ~
0% -. 1 . . . . .
Days
0 1 3 5 7 9 11 13
b) 100% -
00% -
P'gment
60% -
. 40% -
20% -
0% -. . . . . . .
Days `
0 1 3 5 7 9 11 13
0) 100% -
00% -
P'gment
60% -
. 40% -
20% -
0% -º . . . . . .
Days
0 1 3 5 7 9 11 13
Figure 3.23 The proportional change in chlorophyll a and its breakdown
products determined by HPLC for the Autumn Experiment:
a) Controls b) Nitrate enriched nicrocosms c) Ammonium enriched
microcosms.
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Figure 3.24 Time series for chlorophyll b and c and total carotenoids
determined by spectrophotometric methods for Spring Experiment 1:
a) Controls b) Nitrate enriched microcosms c) Ammonium enriched
microcosms. Error bars are ± standard error of the mean.
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determined by spectrophotometric and HPLC methods for the Autumn
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Figure 3.33 Particulate nitrogen and carbon for Spring Experiment 1
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microcosms. Error bars are ± standard error of the mean.
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Figure 3.34 Particulate nitrogen and carbon for Spring Experiment 2:
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Figure 3.39 Dominant microplankton > 20 m in size counted during
Spring Experiment 1. Error bars are ± SE of the mean.
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Figure 3.40 Dominant microplankton > 20 m in size counted during
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Figure 3.43 Nanoagellate and bacterial abundance in Spring Experiment 1
a) Controls b) Nitrate enriched microcosms c) Ammonium enriched
microcosms. Error bars are ± standard error of the mean.
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4 Discussion
4.1 Transítions in q after an Enrichment Event
I this section the changes in the value of q over the course of a microcosm experiment
are examined. The results of this study imply that q is a variable parameter that reaches
its highest value immediately after an enrichment event (Max q) and then declines until
it reaches some level at which it stabilises (Day 8 q). This transition can be divided into
three major phases: a bloom period when q is at its highest with values ranging from
1.26 to 3.61 g chl (mol N)`l, a transition period when q decreases; and a post-bloom
period when q appears to be stabilising at lower values between 0.41 and 1.51 g chl
(mol N)`l (using the ACID/DAIN method of calculation).
4.1.1 Phase I - the Microcosm Bloom Period
At the beginning of each experiment algal biomass was low due to light/nutrient
limitation with chlorophyll concentrations < 4 g 1'] and minimal protozoan grazing
pressure allowing unregulated algal growth to occur after enrichment. The only grazers
present in any abundance at this stage were bacteriovorous heterotrophic
nanoagellates.
Additions of DAIN to microcosms were quickly utilised by phytoplankton in all
experiments. At the beginning of the two Spring Experiments phytoplankton growth
would not have been nutrient limited as nitrate was present in seawater at concentrations
of 7 - 7.5 M. It would seem more probable that the algae were instead experiencing
light limitation in the sea. Chlorophyll a was initially present in concentrations of
between 2 - 3 g 1" _ This indicates that the bloom had not yet occurred prior to either
of the Spring Experiments. Once the microplankton had been transferred to microcosms
the algae were no longer light limited and were able to utilise DAIN already present in
seawater plus the DAIN added to the microcosms as enrichments.
The Summer and Autumn phytoplankton growth rate may be presumed to have been
limited by available nutrients at the beginning of the experiments with nitrate
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concentrations < 1 M in seawater. Laboratory based monoculture studies (Everest et
al., 1986) and enrichment experiments using natural phytoplankton assemblages
(Riegman et al., 1990) indicate that phytoplankton put more energy into synthesising
new enzymatic uptake sites to exploit nutrients when they are present at limiting
concentrations in the surrounding environment. I fact, this would be an essential
attribute in marine environments where nutrients are patchy and can be speedily
redistributed by water movements. During the Summer and Autumn Experiments when
nutrients were very low, i.e 0.39 M (± 0.16 M) nitrate in Summer, it is likely that at
the beginning of the experiment phytoplankton present in the seawater were primed for
oppotunistic uptake of any nutrients that might become available to them. Flynn et al.
(1997) studying cultured algae found that nitrogen starved cells can assimilate DAIN
rapidly.
Microcosm experiments undetaken during each season showed a rapid synthesis of
chlorophyll a, chlorophyll c and carotenoids in response to enrichment with DAIN.
Particulate nitrogen and chlorophyll a levels were low prior to enrichment and were
similar for-all experiments. Time series of N:C and Chl:C ratios for all enriched
microcosms are shown in Figure 4.1. A logarithmic scale has been used so that error
bars can be put onto the graphs. It can be seen that at the beginning of each experiment
there was an increase in the Chl:C ratio and that it was almost always at a greater rate
than the increase in the N:C ratio, in fact, the Chl:C ratio rose even when there was a
decline in the N:C ratio. This indicates that the majority of particulate nitrogen was
being assigned to chlorophyll production during the bloom. This is in agreement with
results of various monoculture experiments such as those carried out by Riemann et al.
(1989) and Sosik and Mitchell (1991) who found high cellular chlorophyll a
concentrations in algal cultures under exponential growth conditions during nitrogen
enrichment experiments.
In addition, uptake can be uncoupled from growth with some algae being able to store
nitrogen intemally which can be utilised later for growth and cell division. This ability
can give larger algae, such as diatoms, a competitive advantage over agellates during
enrichment events as long as silicate does not become limiting (Thingstad et al., 1999;
Joseph and Villareal, 1998). Diatoms were the dominant algal species present in all
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seasons after enrichment during the microcosm experiments. According to Egge (1998)
there is a higher storage capacity in diatoms as they contain large vacuoles which are not
present in agellates and which are less conspicuous in other algal groups. Other
researchers such as Sondergaard et al. (2000) have found that adding DAIN to
enclosures induces blooms of chain-forming diatoms if other nutrients, especially
silicate are not limiting. Mesocosm enrichment experiments carried out in fjords in
Norway over the last decade indicate that if silicate is present in excess of 2 M then
diatoms may bloom if all other nutrients (including light) are present at non-limiting
levels (Egge and Aksnes, 1992; Egge, 1998).
I conclusion, Phase I q is typified by a large unregulated increase in the algal
component of the microplankton, especially diatoms, and represents the maximum value
of q that can be produced by an ecosystem after an enrichment event (Max q). The
observed maxima, of 1.26 to 3.61 g chl (mol N)`1, has a very wide range of values. It
is the large value of q in nitrate enriched microcosm 3 during the Autumn Experiment,
3.61 g chl (mol N)`1, that causes the spread to be greater than that obtained from the
algal culture regressions undertaken in section 1.5.3 which had a range of 0.90 to 2.25
g chl (mol N)`1. The range is also comparable to 0.25 to 4.4 g chl (mol N)"
obtained by Gowen et al. (1992). This may be due to seasonal variations in
environmental conditions.
4.1.2 Phase II - the Transition Period
Phase I maximum q only lasted for a couple of days after which q began to decline.
This decrease in q can be seen as a transition period from maximum to minimum q
which may have been caused by bottom-up regulation due to nitrogen limitation or top-
down control by grazers and/or disease.
4.1.2.1 Bottom-up Regulation of q caused by Nitrogen Limitation
In this section cell quota theory is used to investigate whether nutrient limitation might
have been contributing to the decrease of Phase I q. According to the cell quota model
introduced in section 1.5.4.1, the uptake rate of a limiting nutrient by an algal (or
bacterial) cell and the growth rate depends on the internal concentration of the nutrient.
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In addition, the internal nutrient level needs to exceed a baseline concentration known as
the subsistence quota for growth to occur.
Two variables were calculated:
0 Q - the cell quota for nitrogen mol Nzmol C
0 - the specific growth rate = d`l
At PON
The hypothesis that nutrient limitation was involved in the decrease of q was tested by
using ProFit software to fit the data to the following equation taken from Droop (1968):
. 1
=m (1)
= specific growth rate
m = specific growth rate when Q is very large
kQ = subsistence quota necessary for growth
Q = cell quota
Figure 4.2 shows the hyperbolic relationship between and Q for nitrate enriched
microcosms in Spring Experiment 2. The subsistence quota, which is 0.052 mol N
mol C", occurs where the fitted line intercepts the x-axis and represents the N:C ratio
below which growth can no longer occur. At this (or near this) level all available
nitrogen needs to be used for cell maintenance and there is none left over for growth.
It can be argued that there may also be a subsistence quota for chlorophyll a synthesis.
Zonneveld (1998) uses the concept of a cell quota for chlorophyll a in a cell-based
model for predicting the Chl:C ratio in phytoplankton under different environmental
conditions. According to Porra et al. (1997), there are over twenty-five steps involved
in the synthesis of chlorophyll. There are at least 18 enzymatic reactions that are
necessary to form a chlorophyll molecule from DAIN. All these enzymes will contain
nitrogen as they are proteins. It is obvious that the production of chlorophyll a requires
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a lot of nitrogen and it may be hypothesised that the subsistence quota for the
biosynthesis of chlorophyll could be higher than the subsistence quota for nitrogen. To
investigate this idea a hypothetical subsistence quota for chlorophyll a was determined
by fitting equation (l) to specific growth rate calculated using chlorophyll a instead of
nitrogen:
- the Specific growth rate = -
ä d"
The results of the curve fitting are shown in Table 4.1. The subsistence quotas
calculated from each microcosm time series were pooled to obtain average subsistence
quotas for nitrogen and chlorophyll a (Table 4.2). It can be seen that there are
significant differences, as indicated by ± standard error of the mean, between the
subsistence levels for chlorophyll and nitrogen. This could indicate that some cellular
growth may still continue despite a cessation in chlorophyll a synthesis when DAIN
concentrations are low in seawater.
Time series of N :C and Chl:C ratios for all treatment microcosms are shown in Figure
4.1. The subsistence quotas for nitrogen and chlorophyll a have been included in the
graphs. The subsistence quota for nitrogen was 0.052 mol N mol C`1 which is very
similar to the values given in Tett and Droop (1988). Tett and Droop (1988) gathered
together subsistence quotas given in the literature and listed them according to species
and calculated a mean subsistence quota for each algal group which was 0.045 mol N
mol C" with SD 0.018 mol N mol C`1 for diatoms.
The N:C ratios in enriched microcosms either decreased immediately or after day 2 and
continued to decline until ratios approached the nitrogen subsistence quota, after which
the N:C ratio generally remained stable before beginning to rise again. This supports
the hypothesis that after the initial bloom the algae became nutrient limited. Algal
populations tend to match their growth rate to the supply of the limiting nutrient, but any
adjustments in the dilution rate (which controls the rate of supply of nutrients) will
cause them to increase or decrease their growth rate accordingly. The reactors
containing the microplankton were initially enriched with 12 M of DAIN, this
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stimulated a massive increase in growth rate a the algae exploited the sudden influx of
nutrients.
During most of the experiments some of the DAIN was stored by algae which may have
been used to support additional cell division. The Redfield Ratio] (Redfield, 1958) for
carbon and nitrogen corresponds to Q = 0.151 mol N mol C", therefore a Q in excess
of this value may indicate that nitrogen was being stored. Goldman, McCarthy and
Peavey (1979) argued that phytoplankton chemical composition close to the Redfield
ratio implied maximum growth rate. However, this assumption is questioned by other
researchers (Tett er al., 1985).
During the rapid growth period Q ranged from 0.092 to 0.399 mol N mol C4 and was
often above the Redfield Ratio. These values are much higher than the values of Q
obtained for Skeletonema costatum by Sakshaug and Olsen (1986), whose values ranged
from 0.065 - 0.14 mol N mol C` depending on the nutrient status of the algae. The
differences between their values and these may be due to a variety of factors including
the physiological state of the algae prior to experimentation, how their nutrients were
supplied - continuous or pulsed, the concentration of the limiting nutrient and whether
nitrogen was limiting the growth rate.
When the stored DAIN was depleted the algae were dependent on nutrients owing into
the reactor from the reservoir for growth (plus any recycled nitrogen) and Q decreased to
values ranging from 0.049 to 0.072 mol N mol C". Nutrients were being supplied at
a dilution rate of 0.2 d`1 (0.25 d" in Spring Experiment 1), corresponding to a daily
addition which was of one-fifth of the initial enrichment. Consequently, algal growth
rate would have been constrained until internal nutrient levels per cell had increased
sufficiently for Q to rise above the subsistence quota of 0.052 mol N mol C" after
which growth rate could once more increase until it matched the dilution rate. This
would take approximately 5 days to occur at a 0.2 d" dilution rate and is in good
agreement with the data with Q beginning to rise above the subsistence quota 5 to 6
days after enrichment in most of the microcosms.
' Phytoplankton with a Redeld Ratio of C: 106; N: 16; Pzl are growing near maximum rates.
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4.1.2.2 Top-down Control of q bv Grazers
Another possible cause of the decline in the value of q could be the removal of
synthesised chlorophyll by grazers. Microplanktonic grazers have similar growth rates
to their prey (Strom and Welschmeyer, 1991) and hence have the potential to quickly
remove algal biomass from the water column effectively transferring nitrogen from the
autotrophs to the heterotrophs. Burkill et al. (1987) studying natural microplankton
grazing rates found that although algae could grow fast, chlorophyll a concentrations
were controlled by grazing which could remove between 30 - 65% of the algal biomass
each day. Grazing of phytoplankton would produce a decrease in chlorophyll a and
hence a decline in the apparent value of q. The magnitude of the impact of protozoan
grazing on q would depend on how efficiently grazers were able to remove chlorophyll
contained in the dominant algae, which were chain-forming diatoms. The impact of
protozoan grazing is explored further in section 4.3.
4.1.2.3 Conclusions
There is clearly nutrient limitation occurring after the enrichment of the microcosms
with N:C ratios decreasing to the subsistence quota during the transition phase. This
could result in a decrease in q as most nitrogen would presumably_be needed for
essential maintenance whilst growth limitation was occurring and it is likely that little
(if any) would be assigned to chlorophyll a synthesis. Grazing of algae by heterotrophic
microplankton may also have contributed to the decrease in q.
4.1.3 Phase III - the Post-bloom Períod
It appeared that q stabilised towards the end of the time series for all experiments except
Spring Experiment 2 (which did not run for as long as the other experiments). This
could have been due to the algae adjusting to the decreased nutrient inputs from the
reservoir and the development of quasi-steady state conditions. Nutrients were arriving
at a consistent dilution rate and microplankton biomass was being removed at the same
rate.
During the transition phase there was high grazing pressure (as measured by changes in
grazer cell numbers), and this might have caused an increase in dissolved organic
nitrogen (DON) through °sloppy feeding' by protozoa. Algal cell lysis due to stress
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brought on by nutrient deficiency could also have contributed to DON. This DON could
be utilised by bacteria and there is some evidence that algae can also use certain types of
DON such as amino acids for growth (Berg et al., 1997; Carlsson et al., 1998; Berman
and Chava, 1999). An increase in bacterial biomass can lead to an increase in the
abundance of bacteriovorous heterotrophic grazers which can be preyed on in tum by
larger grazers. The increase in abundance of protozoan grazers and bacteria could have
resulted in regenerated ammonium becoming readily available for algal uptake and
subsequent growth. This type of microbial food web is considered to be fairly stable
and self-perpetuating (see section 1.6.3). Figure 4.1 shows that the N:C ratio rose above
the subsistence level for nitrogen towards the end of the time series and when it rose
above the subsistence level for chlorophyll a the Chl:C ratio began to increase.
Therefore, during phase H nutrient limitation was relaxed enough to allow growth to
begin again, N:C ratios were rising, although they were still well below the Redfield
Ratio and in some cases nitrogen was being used to synthesis chlorophyll. Legendre and
Rassoulzadegan (1995) viewed intermediate food webs as being inherently more stable
than the herbivorous food webs that can dominate during blooms and the more closed
microbial loop that can dominate at the end of blooms.
Decreases in the autotrophic compartment of the microplankton were accompanied by
increases in the heterotrophic compartment, especially grazers. Bacterial numbers
appeared to be decreasing slightly in some cases. This decline in autotrophic cell
numbers was more dramatic during the Spring Experiments than during the Summer
and Autumn when the decline was more gradual. One explanation for this might be that
during the Spring Experiments the blooms were dominated by Skeletonema costatum
chains which may have been parasitised by heterotrophic nanoagellates which were
aiding cell lysis. Agusti er al. (1998) studying phytoplankton in the north westem
Mediterranean Sea during Summer found that up to 50% -of the phytoplankton biomass
was lost through cell lysis despite high growth rates and that lysis rates ranged from
0.026 d`1 to 1.9 d`1. Skeletonema costatum chains also tend to aggregate, and matrixes
of algal cells, nanoagellate grazers and bacteria were prevalent after the bloom.
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The Post-bloom phase (Day 8 q) is typified by a stabilising of q which was most
noticeable during the Summer and Autumn Experiments. It is accompanied by an
increase in the N:C ratio above the subsistence level for nitrogen which may be due to a
decrease in autotrophic microplankton biomass and an increase in recycled nitrogen.
Both of these effects may be caused by increases in heterotrophic protozoa and high
bacterial abundance.
This discussion suggests that Day 8 q values are, at 0.49 and 1.58 g chl mol N`l,
lower than Max q values and pure algal culture q values showing that much of the
available nitrogen has been divened away from the algae. The next section considers
where the nitrogen may have gone.
4.2 The Partitioning of Nitrogen
The type of enrichment experiment undertaken during the course of this study allowed
the evolution of a known quantity of DAIN to be followed from the initial uptake by
phytoplankton (and sometimes bacteria), assimilation into autotrophic PN, through to its
conversion into heterotrophic PN and DON as the biomass of grazers and bacteria
increased.
Total nitrogen in the reactors was determined as
Total N = DAIN + TPN + DON
where DAIN is dissolved available inorganic nitrogen, TPN is total particulate nitrogen
and DON is dissolved organic nitrogen. Time series graphs showing how the
panitioning of nitrogen changed over the course of each experiment in treatment
microcosms are shown in Figures 4.3 and 4.4. All data has been logarithmically
transformed so that error bars can be included for data that has been calculated using
ratios i.e. NA. Total measured nitrogen (TMN) in the reservoirs was assumed not to
change over time. Nutrients in the reservoirs were periodically measured throughout the
experiments and changes over time were slight.
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The microcosm set-ups were not steady state systems because although reactors and
reservoirs were both enriched with DAIN the reactors also contained PN. After the
initial enrichment total nitrogen concentrations in the reactors would have decreased
until they came into balance with total input nitrogen concentrations owing in from the
reservoirs, thereafter conservation of nitrogen would have occurred:
d'l) = +(DAiNfes - D)- (DA1N . D) - (TPN - D) - (DoN º D)= 0
where D is the dilution rate and DAINres is the concentration of DAIN present in the
reservor.
TMN in the reactor includes TPN and DAIN. DAIN is not shown on the graphs but is
the difference between TMN and TPN. DON was not measured during any of the
experiments and the concentrations present were inferred from the difference between
TMN in the reservoir and TMN in the reactors (assuming conservation of nitrogen was
occurring). There is an underlying assumption that there was insignificant DON present
in the reactors on Day 0 and that all DON present in the reactors was new DON
produced via the processes of messy feeding, cell lysis and algal excretion. This, of
course, may not have been the case. Larger grazers were scarce prior to enrichment in
all experiments but nanoplankton grazers were present in significant numbers especially
at the beginning of the Summer and Autumn Experiments when a strong microbial web
community was already in existence, this could mean that DON could have been present
at the beginning of these experiments. The change in the concentration of DON present
in the reactors over time would be as follows:
= (production - bacterial uptake) - DON - D
t
When DAIN was first added to the microcosms most of it was taken up by algae and
used to synthesise chlorophyll a. Therefore, at the beginning of the enrichment
experiments most of the nitrogen was in the autotrophs and q was at its highest. This
was so even in the ammonium enriched microcosms during Summer and Autumn when
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it was possible that bacteria successfully outcompeted algae for some of the DAIN. q
rapidly decreased after the initial peak either due to nutrient limitation, an increase in
grazing pressure, or a combination of both.
I q declined because of nutrient limitation then it indicates that phytoplankton cells can
reassign cellular nitrogen to different functions depending on the physiological status of
the cell. I the decline in q was due to increased grazing pressure then it is possible that
chlorophyll a is synthesised from DAIN at a set rate and its decline is due to it being
removed after it has been synthesised. An attempt was made to estimate how the
quantity of nitrogen tied-up in algal biomass changed over the course of the experiment.
This was calculated in two ways: firstly, the chlorophyll a measured on a particular day
was divided by q measured on that day to produce calculated autotrophic nitrogen - NA
(calculated q); secondly, the chlorophyll a measured on a particular day was divided by
maximum q to produce maximum autotrophic nitrogen - NA (maximum q). The first
method, does not make any assumptions about the constancy of the synthesis of
chlorophyll a from DAIN. The second method assumes that chlorophyll a is always
synthesised at the Max q rates and only declines because it is removed after it has been
synthesised, most probably by microplanktonic grazers.
After enrichment DAIN decreased rapidly and there was a concomitant increase in TPN
(Reactor) and NA indicating that DAIN was taken up from the media and transferred
into autotrophic biomass. Nitrogen isotope studies showed that DAIN uptake rates
were higher in Spring Experiment 1 than in the Autumn Experiment. The highest mean
nitrate uptake rate was 2.59 mol d`l during Spring Experiment 1 compared to 1.94
mol d" during the Autumn Experiment. Highest mean ammonium uptake rates were
3.00 mol d`1 during Spring Experiment l compared to 0.87 mol d" during the
Autumn Experiment. This may have been due to the production of greater algal
biomass providing more nitrogen uptake sites during Spring Experiment l. At the start
of the Spring Experiments background nitrate levels were approximately 7.50 .M, in
contrast, nitrate was at the limits of analytical detection at the start of the Summer and
Autumn Experiments. This extra DAIN was available for algal uptake and biomass
production. After the initial bloom nitrogen present as NA and TPN (Reactor) declined
with NA decreasing at a faster rate than TPN (Reactor). This indicates that in response
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to the phytoplankton bloom grazer numbers increased and that PN was being transferred
from the autotrophs to the heterotrophs. This effect is confirmed by the increase in
grazer abundance shown in Figures 4.5 and 4.6. The actual quantity of nitrogen
transferred from autotrophs to heterotrophs will fall somewhere between NA (calculated
q) and NA (maximum q). TMN and TPN (Reactor) were very similar after the bloom
indicating that measurable DAIN was always low after the initial uptake by
microplankton. Messy feeding by grazers, cell autolysis and excretion of nitrogen by
algae resulted in an increase in DON (the difference between TMN (Reactor) and TMN
(Reservoir). Bode et al. (2001) studied the fate of nitrogen in natural assemblages of
phytoplankton in the shelf waters of northern Spain and found that a significant fraction
of nitrogen taken up by phytoplankton was excreted as DON. Similar studies (Collos,
1992; Lara et al. 1997) have supported these findings and have also shown that DON
excretion is highest when blooms are dominated by diatoms. Elevated concentrations of
DON (if they are labile) could be utilised by bacteria causing their numbers to increase
after enrichment (Figures 4.5 and 4.6). Researchers such as Hasegawa et al. (2000)
have found a tight coupling between bacteria and DON, and an efficient re-use of
nitrogenous compounds by the microbial food web. .
The extent to which nitrogen was removed from autotrophs and incorporated into
heterotrophs differed depending on the season and the treatment. During the Summer
and Autumn Experiments in the ammonium enriched microcosms all TPN appeared to
be assigned to the autotrophic compatment if NA (calculated q) is used to represent
phytoplankton nitrogen. This cannot be so as Figure 4.6 shows that grazers were as
prolific in ammonium enriched microcosms during these experiments as in the nitrate
enriched microcosms. One explanation for this could be that there was nitrogen
regeneration occurring during the Summer and Autumn Experiments as an efficient
recycling community was established at the beginning of each of these experiments.
This may indicate that during these experiments nitrogen contained in chlorophyll a in
phytoplankton was rapidly grazed, regenerated and reassimilated into chlorophyll a.
Under these circumstances NA (maximum q) may more closely represent autotrophic
nitrogen than NA (calculated q). The speed with which nutrients can be recycled by
bacteria was shown in mesocosm enrichment studies by Sondergaard er al. (2000).
They found that bacterial respiration was greater than community respiration and
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believed that this indicated that rapid nutrient recycling was occurring. The importance
of nutrient recycling by microplankton was also shown in a seasonal study of the
English Channel undertaken by Maguer er al. (1999) where ammonium regeneration
rates ranged from 0.6 - 27 nmol N l` h" and could contribute up to 60% of total
nitrogen. All recycled nutrients will go back into the microbial food web where they
can be reused by algae.
During the Summer and Autumn Experiments DON concentrations, estimated as the
differences between TMN (reservoir) and TMN (reactor), were lower than in the Spring
Experiments. One explanation may be that DON was being rapidly recycled and reused
by algae via the microbial food web during the Summer and Autumn Experiments.
There was a greater abundance of grazers < 20 M in size present after enrichment
during the Summer and Autumn Experiments which may have facilitated faster
recycling of DAIN. It is also possible that the occurrence of cell lysis was more
frequent during the Spring Experiments as higher algal biomass was produced than
during the Summer and Autumn Experiments and nutrient stress may have been ,more
severe. Monoculture experiments carried out using Dizylum brightwellii (Brussaard et
al., 1995; Brussaard et al. 1996; Brussaard et al., 1997) showed that stress can induce
large scale cell lysis in algae. I addition, algal cells may not have been as healthy
during the Spring as the dominant phytoplankton Skeletonema costatum may have been
parasitized with heterotrophic nanoagellates causing cells to lyse. Both of these
scenarios would have resulted in the release of algal cell contents and increases in the
DON present in the reactors during the Spring Experiments.
I conclusion, after enrichment with DAIN most of the nitrogen was taken up by algae.
Grazing by heterotrophic protozoa then transferred nitrogen from the autotrophs into
heterotrophs. As TPN became increasingly heterotrophic more DON may have been
released into the reactors by messy grazing, which could be utilised by bacteria. In
addition, cell autolysis, especially during the Spring Experiments may have released
DON. The quantity of nitrogen that remained in the autotrophic component of the
microplankton may have depended on the efficiency of nitrogen recycling. In general,
nitrogen was transferred from the autotrophic to the heterotrophic compartment of the
microplankton during the course of each experiment. The following section discusses
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trophic interactions within the microbial food web that may have contributed to the
changes in the partitioning of nitrogen during the microcosm enrichment experiments.
4.3 Trophic Interactions within the Microplankton
In section 4.1.2.2 the possible impact of protozoan grazing on the value of q was briey
mentioned. The following discussion investigates the trophic interactions of organisms
within the microbial food web in order to determine whether grazing pressure by
protozoa had a significant impact on q. Several regressions are shown in this section, all
of which use logarithmic scales to make comparisons. This is because microorganisms
generally increase in abundance using binary division which is best expressed
exponentially.
4.3.1 Trophíc Interactions of Grazers < 20 m in size
Heterotrophic nanoflagellates are grazers of bacteria (Lovejoy et al., 2000) and some
researchers envisage microscale communities made up of algal cells surrounded by
attached and free-living bacteria that attract motile heterotrophic grazers resulting in
enhanced regeneration of ammonium around algal cells (Azam and Smith, 1991).
Studies undertaken by Andersen and Sorensen (1986) showed that there can be a close
coupling between the abundance of bacteria and nanoagellates. It is probable that
most heterotrophic microplankters < 20 m are constrained by their size from directly
grazing on algae > 20 m.
Figures 4.5 and 4.6 show time series for the major biological components of the
microcosms as well as chlorophyll a and pheopigments determined using the
acidification technique of Lorenzen (1967). These graphs use a logarithmic scale as
microorganisms generally increase by binary division and changes in abundance are
therefore best expressed exponentially. The numbers of heterotrophic nanoagellates,
ciliates and dinoflagellates < 20 m have been pooled and it can be seen immediately
that they are much more abundant than grazers in the > 20 m size category. There
seemed to be a relationship between numbers of < 20 m grazers and bacteria during
the enrichment experiments with increases in < 20 m grazers abundance often
coinciding with decreases in bacterial abundance, however a scatter plot of bacteria
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versus grazers < 20 m showed that if there was a relationship it was not an obvious one
(Figure 4.7). It is possible that any correlation between bacteria and small grazers was
missed due to sampling only taking place every two days. Trophic relationships
between organisms < 20 m and organisms > 20 m would also seem probable and
would make interpretation of specific relationships more difficult. Finally, bacteria may
be associated with algal surfaces and the counting method may have underestimated
abundance. Thingstad et al. (1999) used mesocosms in a Norwegian fjord to study the
interactions between bacteria and protozoa. Their results suggested that bacterial
biomass was being regulated by nutrient limitation and predation by protozoa. It is
possible that nutrient limitation as well as predation was controlling bacterial biomass in
the microcosm experiments and this might have obscured the impact of protozoan
grazing. During the Spring Experiments smaller grazer abundance often did not attain
the same elevated levels as in the Summer and Autumn Experiments, and it is possible
that because of the relaxed grazing pressure bacterial cells were able to increase to
higher numbers, especially in the ammonium enriched microcosms (Figures 4.5b and
4.5d).
It is possible that the autotrophic nanoflagellate abundance was controlled by grazers <
20 m as numbers invariably declined after an initial increase, and sometimes no
increase occurred at all (Figures 3.43 - 3.46). The decline in autotrophic nanoagellates
was often accompanied by an increase in numbers of smaller ciliates or dinoagellates.
However, scatter plots of grazers < 20 m versus autotrophic nanoagellates did not
show any obvious relationship between them (Figure 4.8). Altematively, chain-forming
diatoms may have outcompeted the autotrophic nanoagellates for nutrients after
enrichment. The ability to store nitrogen can give larger algae, such as diatoms, a
competitive advantage over agellates during enrichment events as long as silicate does
not become limiting (Thingstad et al., 1999; Joseph and Villareal, 1998).
There is a way in which heterotrophic nanoagellates may be able to prey on larger
diatom chains and that is through parasitism. When chains of Skeletonema costatum
were viewed using uorescent microscopy during the Spring Experiments many of them
had heterotrophic nanoagellates attached to them, often in colonies. This effect was
not seen when microplankton were viewed with transmitted light and may reflect
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fundamental differences in the way the samples were treated prior to using the two
microscopic techniques. It is possible that some characteristic of the fixative (lugol's
solution) used to preserve microplankton prior to viewing by transmitted light
microscopy may have caused the agellates to become detached from their host.
Alternatively, inverting the bottle prior to settling out the samples in settlement
chambers may have dislodged heterotrophic nanoagellates from Skeletonema costatum
chains. Gluteraldehyde was used as a fixative for the uorescent microscopy technique,
with gently suction being used to draw organisms onto a filter paper where associations
between components of the microplankton may more easily remain undisturbed.
4.3.2 Trophic Interactions of Grazers > 20 m in size
Grazers > 20 m in size increased in numbers towards the end of the Spring
Experiments, increases in numbers were less extreme during the Summer and Autumn
Experiments, with higher abundance generally occurring immediately after enrichment
and then quickly declining to previous levels again. It is possible that these larger
grazers were playing a role in controlling phytoplankton abundance as higher numbers
generally coincided with decreases in algal abundance. However, scatter plots of
grazers > 20 m versus Chlorophyll (Figure 4.9) and grazers > 20 m versus autotrophs
(Figure 4.10) did not show up any obvious relationship. It is possible that trophic
interactions within the microbial food web might have obscured relationships as there
were some rotifers present which may have grazed on ciliates, there were also plenty of
other organisms for grazers to choose from such as nanoagellates. Other researchers,
such as Schlüter (1998) found that there was a significant correlation between
phytoplankton growth rates and protozoan grazing rates. She found that up to 50% of
algal biomass was removed by protozoan grazers.
Burkill et al. (1987) studied pigment content within heterotrophic microplankton to
determine whether microzooplankton were selective grazers. They found that
selectivity was occurring with heterotrophic microplankton showing a preference for
dinoagellates, cryptophytes, chlorophytes and prasinophytes and discrimination against
diatoms despite them being present in high numbers. The selectivity of ciliates can be
extended to include nutritional choices according to some researchers (Pierce and
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Tumer, 1992; Verity, 1988) with low C:N organisms being chosen as food. The most
nutritious cells during the enrichment experiments would presumably initially have been
diatoms due to their ability to store nitrogen intemally. As nutrient limitation set in it is
likely that autotrophic nanoflagellates would have become the most nutritious food,
because they outcompete diatoms when uptake of nutrients is diffusion limited (Stolte et
al., 1994; Lazier and Mann, 1989). However, switching between food sources has been
observed in ciliates when preferred food becomes scarce (Stoecker, 1984; Jacobsen and
Anderson, 1986) and autotrophic nanoagellates were present in low numbers after
enrichment. Tett (1992) also speculated that oligotrich ciliates in Loch Creran may feed
off detritus with its associated bacteria to explain the lack of a seasonal cycle in the
abundance of these grazers in this particular ecosystem. Detritus in the form of dead
autotrophic/heterotrophic matter and grazer faecal matter would have increased after the
bloom as algae became more nutrient-limited and grazer numbers increased.
Some investigations into the impact of microplanktonic grazers in marine waters
indicate that the greatest impact is on < 10 m size class of algae (Burkill et al., 1987;
Landry and Hassett, 1982; Strom and Welschmeyer, 1991; Brussaard et al., 1995) with
diatom chains remaining largely unaffected by microplanktonic grazers. Quevedo and
Anadón (2000) found low protozoan grazing on chain-forming diatoms which they
speculated was due to ciliates finding diatoms inedible. Many researchers believe that
ciliates graze exclusively on nanoplanktonic organisms (Andersen and Sørensen, 1986;
Andersen and Fenchel, 1985; Davies et al., 1985; Verity, 1985). However, observations
of natural assemblages of microplankton do not always support this and ciliates have
been seen to contain the remains of chain-forming diatoms such as Skeletonema
costatum during blooms (Tett, 2000; Sime-Ngando er al., 1995). Paranjape (1990)
found ciliates to be efficient grazers of chain-forming diatoms in studies carried out in
the northwest Atlantic. Recent studies have revealed that in some ecosystems the role
of microplanktonic grazers may be more diverse than previous thought. Tamigneaux et
al. (1997) and Strom et al. (2001) studying natural phytoplanktonic interactions in
coastal ecosystems have found that microzooplankton grazers can have a large impact
on chain-forming diatoms present during blooms. Both studies found significant
correlations between microplanktonic grazer abundance (ciliates and heterotrophic
dinoagellates) and large chain-forming diatoms.
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During the Spring Experiments almost all grazers in the > 20 m size-class were
ciliates. I they were grazing on small dinoagellates and flagellates then their presence
would not have been expected to affect diatom abundance. Small Protoperidinium sp.
were present in large numbers during the Spring Experiments and although autotrophic
nanoagellate numbers declined soon after enrichment heterotrophic nanoagellates
were plentiful as food for ciliates. I large ciliates were grazing on chain-forming
diatoms then they may have contributed to the decline of the bloom, but their numbers
did not increase substantially until the end of the Spring Experiments and so they
probably did not have much effect on the initial decline of the bloom. Altematively,
ciliates may also have fed on detritus which would have increased as the bloom declined
due to dead algal cells, grazer fecal pellets and messy feeding.
Dinoagellates are very versatile predators and have several techniques for feeding:
phagotrophy of whole cells; sucking out cell contents with a piercing tool; enveloping
prey in a cytoplasmic veil within which they are digested (Elbrächter, 1991). They have
been seen enveloping diatom chains in feeding veils (Jacobson and Anderson, 1986;
Kennaway et al., 1992) and are thus unequivocally predators of chain-forming diatoms.
Large dinoagellates were occasionally present during the Spring Experiments but
higher numbers were observed during the Summer and Autumn Experiments and it is
possible that they could have had an impact on diatom abundance during these two
experiments. Peaks in large grazer numbers often occurred after the initial bloom
during the Summer and Autumn Experiments and may have helped to keep autotrophic
cells from reaching the same high abundance as observed during the Spring
Experiments. However, scatter plots of heterotrophic dinoagellates > 20 m versus
chlorophyll a (Figure 4.11) and heterotrophic dinoagellates > 20 m versus autotrophs
(Figure 4.12) did not show any obvious relationships.
The failure of regression analysis to reveal relationships between trophic levels does not
preclude them from occurring, relationships may be obscured by the complex
interactions between changing nutrient status in a non-steady state system and predation.
Other studies, such as those carried out by Calbet and Landry (1999) have found that
increased production did not necessarily result in an increase in biomass.
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4.3.3 Investigating the use of Pheopigments to Estimate
Microplanktonic Grazing Pressure
When autotrophs are grazed chlorophyll a can be transformed into pheopigments by
removal of magnesium from the tetrapyrrole ring as it passes through the gut of
mesograzers or the vacuole of protozoan grazers. These are known as Type I reactions
where modifications to the chlorophyll molecule do not cleave the macrocyclic
configuration of the chlorophyll molecule. These reactions result in changes in
pigmentation occuring (Louda et al., 1998). Figures 4.5 and 4.6 reveal that the
relationship between pheopigments and grazer numbers is by no means straightforward.
One of the most obvious features of the graphs is that during the Summer and Autumn
Experiments there was no pheopigment detected using spectrophotometric analysis,
although pheopigments were detected at low levels using HPLC analysis (Figures 3.19
and 3.20). During the Spring Experiments pheopigment concentrations reached their
peak after the chlorophyll a peak began to decline but then decreased even though there
was an increase in grazing pressure. Four possible explanations for these phenomena
are proposed:
1. During the Summer and Autumn Experiments larger heterotrophic dinoagellates
were present, and it is possible that these were more efficient digesters of chlorophyll
a than the ciliates and that chlorophyll a was degraded to colourless end products
rather than pheopigments. This is a Type I reaction which involves the cleaving of
the macrocyclic ring and results in a loss of pigmentation (Louda et al., 1998).
Strom (1993) undertook laboratory-based experiments using a selection of protozoan
grazers and prey and found that pheopigment concentrations were consistently lower
in experiments using dinoflagellates compared to experiments using ciliates, but
during a later study this was not the case (Strom and Morello, 1998). However,
dinoagellates were sometimes low in abundance compared to ciliates during the
Summer and Autumn Experiments and so some pheopigment presence would be
expected if this was the only cause. HPLC analysis of pigments showed that low
concentrations of pheophorbide a were present.
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Some laboratory based studies of heterotrophic protozoa (Strom, 1993; Strom et al.,
1998) have indicated that omnivoy may be common among protozoan grazers with
faecal pellets being reingested. Protozoan digestion is different from
mesozooplankton digestion. Copepods break up their food upon ingestion whereas
protozoa phagocytose intact cells or digest prey in feeding veils. Strom (1993)
speculated that any type of mechanical dismption of algal cells will result in
breakdown products whereas protozoan feeding mechanisms may result in less
complete digestion of cells (and less production of pheopigments) as enzymes will
not gain immediate access to the intemal contents of algal cells. Other researchers,
such as Burkill et al., 1987, have also found that pheopigments do not build up from
heterotrophic microplankton grazing activity and speculate that this is due to
differences in the demetallation/dephytolation pathways used by microplanktonic and
mesozooplanktonic grazers (Currie, 1962; Shuman and Lorenzen, 1975). It is
possible that smaller heterotrophic grazers < 20 m, that may not be able to directly
graze upon diatom chains, can obtain some of the nutrients tied-up in the algal
biomass through reingestion of detritus. I this size-class was grazing detritus they
could have caused pheopigments to be degraded to colourless products. The impact
would have been greatest during the Summer and Autumn Experiments when grazers
< 20 m were present in higher numbers at the beginning of the experiment. Small
Protoperídinium species were prevalent during the Spring Experiments but were only
present in low numbers during the Summer and Autumn Experiments, it is possible
that dinoagellates are more selective grazers and do not graze detritus. This would
also lead to more pheopigments being degraded to colourless products during the
Summer and Autumn Experiments.
It is possible that less cellular nitrogen was being allocated to chlorophyll a as the
N:C ratio approached the subsistence level during the period after the initial bloom.
Thus, whereas high levels of pheopigments would have been produced by grazers at
the beginning of each experiment when chlorophyll a per cell was highest, their
production would have decreased as chlorophyll a per cell declined. I this was the
only cause of the decrease in pheopigments then at least some pheopigments would
be expected after the initial enrichment with nitrogen which was the case in the
Summer and Autumn experiments using HPLC analysis.
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4. It is possible that selectivity in feeding resulted in only heterotrophic organisms or
detritus being grazed. Larger heterotrophic grazers may have been preying on
smaller heterotrophic organisms or detritus with no/little chlorophyll a available to be
degraded to pheopigments. Some protozoa seem to be able to sense which food
particles are most nutritious (Pierce and Turner, 1992; Verity, 1988; John and
Davidson, 2001). The most nutritious source of food would presumably have been
diatoms at the beginning of each enrichment experiment when storage of nitrogen
was being maximised. It would therefore seem likely that algae were being grazed.
Strom and Welschmeyer (1991) speculate that ciliates actively reject less nutritious
particles because they can sense exudates and other surface properties of a potential
food source that informs them of its nutritional value. It is possible that protozoa
were not able to access the diatom chains directly as the chains were so long and
clustered so densely, in which case grazers may have still preyed on other
heterotrophic organisms despite the probable higher nutritional status of the diatoms.
I larger protozoa were grazing on smaller protozoa and detritus then it is possible
that most of the pheopigment detected during the Spring Experiments was due to
algal senescence after the bloom had reached its peak and nutrient-limitation had set-
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An attempt was made to discover whether there was any obvious relationship between
relative assimilation rate for grazers and the pheopigment:chlorophyll a + chlorophyllide
a ratio. The relative assimilation rate was calculated by dividing the grazer specific
growth rate by the gross growth efficiency (GGE). GGE was estimated by taking the
mean of a selection of values of GGES for protozoan grazers in Table 6.2 of Tett (1998)
(originally estimated by Fuller, 1990). The results are shown in Figure 4.13. There
does not appear to be any obvious relationship between relative assimilation rate and the
pheopigment: chlorophyll a + chlorophyllide a ratio. Given the previous discussion this
is not entirely unexpected!
4.3.4 Conclusion
It is possible that grazing by heterotrophic microplankton may have contributed to the
decrease in q, but the relationship between protozoan grazers and chain-forming diatoms
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is by no means clear. Direct grazing of diatom chains by large dinoagellates may have
been more important during the Summer and Autumn Experiments although there was
no obvious relationship found between heterotrophic dinoagellates and
autotrophs/chlorophyll a. Parasitism of Skeletonema costatum by heterotrophic
nanoagellates may also have contributed to a decrease in algal biomass during the
Spring Experiments. The next section discusses the seasonal changes in the value of q
and explores what factors may be affecting it.
4.4 Seasonal Differences in q
Seasonal differences in q may depend on changing environmental conditions which will
have an effect on the physiological response of microplankton to enrichment, or changes
in the composition of the microplankton community. Certain aspects of the
methodology used during this research may also have contributed to seasonal variability
in q.
4.4.1 Environmental Conditions and Physiological Response of
Microplankton
There were considerable changes in environmental conditions between experiments that
were due to seasonal changes in light, temperature and background nutrients, all of
which can have an effect on phytoplankton physiology. Much of the information
available on phytoplankton physiological responses to light, temperature and nutrients
comes from monoculture studies where one or several environmental parameters are
adjusted in a controlled manner. I general, increases in temperature cause a
concomitant increase in chlorophyll a per phytoplankter cell, increases in light cause a
decrease in chlorophyll a per phytoplankter cell and increases in limiting nutrients cause
an increase in chlorophyll a per phytoplankter cell.
During the Spring, nitrogen concentrations in the sea were high as the bloom had not yet
occurred, light was probably limiting growth and temperatures were still low at 8°C.
Despite the similarity between environmental parameters during the two Spring
Experiments there were differences in q with higher values in Spring Experiment 2.
There was an immediate uptake of DAIN in Spring Experiment 1. In contrast, there was
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a more leisurely uptake of DAIN in Spring Experiment 2 which resulted in a slower
response in terms of phytoplankton growth and biomass production such that maximum
biomass did not occur until Day 7. A greater proportion of nitrogen appears to have
been assigned to chlorophyll a production than growth during Spring Experiment 2.
Average C:N atomic ratios were dissimilar at the beginning of the Spring Experiments,
6.6 for Spring Experiment 1 and 7.32 for Spring Experiment 2 as were C:Chl ratios,
53.42 at the beginning of Spring Experiment 1 and 150.10 at the start of Spring
Experiment 2. This could indicate that although background DAIN concentrations were
high, cells were nitrogen limited at the start of Spring Experiment 2. However, this
would seem counter-intuitive and it may be more likely that there was more detrital
material present at the start of Spring Experiment 2 which has a higher C:N ratio than
living material. It is possible that at the start of Spring Experiment 2 stratification was
beginning to occur limiting the depth of the surface mixed layer (SML) - the depth
profile indicates this might be so (Figures 3.1 and 3.2). Phytoplankton cells would now
have access to light for longer periods of time and photosynthesis would be greater than
respiration, this could lift the constraint on growth and carbon may have been fixed at a
greater rate than previously possible. Kudela and Dugdale (2000) used 20 litre
enclosures to study productivity in Monterey Bay, Califomia during different seasons.
Their results showed high C:N ratios at the start of their experiment which indicated that
algae were light/nutrient limited. They found that in some enclosures C:N actually
increased when nitrogen was added indicating that the stabilising effect of the enclosure
was causing an immediate fixation of carbon. I the SML had shallowed between the
two Spring Experiments decreasing the mixing depth and changing the quantity and
quality of light that algae were experiencing then this could have caused differences in
their physiological response to DAIN enrichment and to the light conditions used during
the experiments.
Phytoplankton present at the collection site at the beginning of Spring Experiment 2
may also have been in the process of dividing, in which case paticulate nitrogen may
have been diverted away from chlorophyll a production and nitrogen uptake site
synthesis to take part in biosynthetic processes.
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Light conditions were similar for Spring and Autumn Experiments except that daylength
was longer during the Autumn Experiment. This might be expected to cause
phytoplankton to allocate more nitrogen to chlorophyll during the Autumn Experiment
to take advantage of the extended photoperiod. Temperatures were almost twice as high
during the Autumn Experiment than during the Spring Experiments - l3.5°C compared
to 8°C - this could also have contributed to the observed differences in q as increased
temperatures can result in increased growth rate and chlorophyll a content per cell.
Increases in temperature speed up enzyme mediated reactions in phytoplankton such as
DAIN uptake, the dark reaction of photosynthesis and the biosynthesis of chlorophyll a.
The metabolic intermediates NADP and ATP which are used in both the dark and light
reaction of photosynthesis are shuttled backwards and forwards between the two
reactions. Therefore, if there was an increase in the rate of the dark reaction of
photosynthesis there would presumably need to be a concomitant increase in chlorophyll
a, so that the light reaction did not limit the dark reaction. The increase in respiration
would also require the cell to increase photosynthesis to optimise the amount of fixed
carbon available for growth. Phytoplankton enzymatic processes normally have a Q10 of
about 2.0 when light is saturating, however, irradiance was approximately 35 moles m'
2 s`1 which would not be saturating so the effect may not have been quite as large as this.
There were also differences in background nutrients between the Spring and Autumn
Experiments with nutrients at the limit of analytical detection at the beginning of the
Autumn Experiment. Algae present at the beginning of the Autumn Experiment may
have been more primed for swift uptake of nutrients with a greater number of enzyme
uptake sites per cell, which could in turn have led to a quicker synthesis of chlorophyll a
compared to the Spring Experiments.
Irradiance was higher during the Summer Experiment compared to the other seasons,
this could have been responsible for overall lower values of q. Monoculture
experiments have shown that there is an inverse relationship between chlorophyll a and
irradiance (Harding, 1988; Shanley and Vargo, 1993) and algae commonly decrease the
size of the light harvesting antennae that are associated with photosynthesis in response
to excess irradiance compared to need (Niyogi, 2000). Monoculture experiments have
shown that high irradiance enables faster growth rates and a more rapid uptake of the
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limiting nutrient and that uptake of nutrients is light and temperature dependent
(Davidson et al., 1999; Cabrita et al., 1999). Temperatures were higher during the
Summer Experiment compared to the Spring Experiments and enzyme reactions would
presumably have been speeded up to an even higher rate than during the Autumn
Experiment as irradiance was higher and could even have been saturating. Increases in
temperature can result in an increase in chlorophyll a per algal cell (Harding, 1988;
Thompson et al., 1992; Sosik and Mitchell, 1994). This highlights the complexity of
trying to separate out the effects of individual components of the environment on
phytoplankton physiology in natural assemblages of microplankton as many factors may
be interacting or operating simultaneously to produce an effect.
There was an interaction between season and treatment with lower values of q occurring
in the ammonium enriched microcosms during the Summer and Autumn Experiments
using the TRI/DAIN method of estimating q. Although background nutrients were at
the limits of detection prior to enrichment, the C:N ratios were approximately 6.0 and
6.6 respectively for Summer and Autumn implying that nutrients were being supplied at
a rate that could support the optimal growth rate. This indicates that recycling of
nutrients was occurring during these seasons, in fact, numbers of heterotrophic
nanoflagellates and bacteria were higher at the start of the Summer and Autumn
Experiments compared to the Spring Experiments. It would seem probable that
phytoplankton would be less likely to waste nitrogen through excretion of DON when
oligotrophic conditions prevail and bacteria may be able to successfully compete with
algae for ammonium under these circumstances (Azam et al., 1983; Wheeler and
Kirchman, 1986; Tupas and Koike, 1990). Azam and Smith (1991) speculate that this
may be due to bacteria having low Km - low Vmax (low flow) uptake systems which
allow them to outcompete algae for ammonium when ammonium is available in low
concentrations in the surrounding environment (see section 1.6.3). However, this
assumption is disputed by Thingstad et al. (1999) and other authors such as Vadstein
(1997) who think that the general assumption that bacteria always outcompete algae at
low nutrient concentrations needs more investigation. When microcosms were enriched
with ammonium some of it may have gone into bacteria. Bacterial numbers do not
appear to be different between nitrate and ammonium enriched microcosms but this
does not preclude the competition theory. Other studies such as those undertaken by
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Sondergaard et al. (2000) show that bacterial biomass can be effectively regulated by
protozoan grazers.
Altematively, it can be hypothesised that DON may be excreted by algae faster using
ammonium as a substrate under eutrophic conditions if storage capacity is exceeded by
uptake rate of DAIN. This could be caused by differences in the speed of assimilation
of the nitrate and ammonium into organic molecules such as glutamate. Nitrate has to
undergo two reduction reactions before it can be assimilated into organic molecules
whereas ammonium can be assimilated immediately. Brussaard er al. (1998) found in
monoculture studies that 200 M of ammonium was completely taken up by Diylum
brightwellii within 2 days whereas the same concentration of nitrate took 6 days. I
ammonium was taken up, assimilated and excreted faster than nitrate then it may have
appeared to produce a lower value of q. Some studies seem to indicate that significant
amounts of newly assimilated DAIN can be excreted as DON by phytoplankton (Flynn
and Berry, 1999; PujoPay et al., 1997; Hu and Smith, 1998).
Altematively, the lower value of q obtained from ammonium enriched microcosms
during the Summer and Autumn could have been an artefact of the sampling regime.
Sampling only took place every 2 days, if ammonium was assimilated very fast, as
monoculture studies by Brussaard er al. (1998) indicate can happen, then the maximum
chlorophyll a peak may have occurred prior to sampling on day 2. I growth rate was
nutrient limited at the beginning of the Summer and Autumn Experiments ammonium
may have been rapidly assimilated into chlorophyll and chlorophyll a concentrations in
algae may actually have been declining by day 2. This would have resulted in a
decrease in q.
During Spring Experiment 1 inhibition appeared to be occurring as there was a 2 day
delay in uptake of nitrate, and uptake did not occuruntil ammonium levels had
decreased to the limits of detection. Monoculture studies undetaken by Dortch (1991)
indicate that if ammonium is present in excess of 1 M it can result in inhibition of
nitrate uptake although the response can be variable and may depend on environmental
conditions such as light (Yin et al., 1998). Inhibition did not appear to produce
r
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significant differences between treatments during the Spring Experiments, but it is
possible that any effects were missed due to sampling not taking place until day 2.
4.4.2 Communitv Composítion
Nanoagellate and bacterial numbers were higher during the Summer and Autumn
Experiments, so the microbial food web and recycling of nutrients may have been more
important at the beginning of these experiments than in the Spring Experiments as
would be expected under oligotrophic conditions. Competition between algae and
bacteria for ammonium under oligotrophic conditions was discussed in section 4.4.1.
Table 4.3 lists the main species of algae > 20 m in size that were identified during each
season. Larger grazers were generally present in low numbers at the beginning of each
experiment irrespective of season until after enrichment. One diatom species,
Skeletonema costatum, was dominant during both of the Spring Experiments and
accounted for most of the biomass during the bloom, but during the Summer and
Autumn Experiments there were four main species of diatom present: Chaetoceros sp.,
Leptocylindricus sp., Nitzschia sp. and Skeletonema costatum. Autotrophic
nanoflagellates decreased in numbers in enriched microcosms and appeared to be
replaced with chain-forming diatoms that could store DAIN. It is possible that the
different species of diatoms present at different seasons may have had a varied response
to DAIN enrichment in terms of speed of initial uptake, storage capacity for DAIN or
efficiency of conversion of DAIN into chlorophyll a. Levasseur et al. (1993) studied a
variety of cultured diatoms grown on either nitrate or ammonium and found a vast
selection of mechanisms used to compensate for the extra energy needed to assimilate
nitrate i.e. changes in cell volumes, nitrogen quota or chlorophyll per cell. Some species
such as Chaetoceros sp. actually showed increased growth rates on nitrate. Lomas and
Glibert (1999) found that Chaetoceros gracilis had a large intemal pool of ammonium
when it grew on nitrate compared to other diatom species such as Thalassiosira sp. and
speculated that the differences were due to variations in the size of vacuoles in diatoms.
Algae are very adaptive and exhibit quick physiological responses to changes in the
extemal environment to maximise their growth rate, and so the specific species of
diatom that is dominant may prove to be of little importance in tenns of assimilation of
nitrogen. However, phytoplankton may assign assimilated nitrogen to different tasks
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depending on their ability to store nitrogen. Skeletonema costatum which can store
large concentrations of nitrate (Collos, 1992) may not put so much nitrogen immediately
into chlorophyll a synthesis, in this way it can extent the length of time that it can
engage in high reproduction. I contrast, some Chaetoceros sp. do not have the same
storage capacity (Collos, 1992) and this may result in them assigning more nitrogen
immediately into chlorophyll a synthesis to maximise their growth rate.
The ability to uncouple uptake from growth could be used to categorise phytoplankton
into r-strategists and k-strategists. For algae which do not have the ability to store
nitrogen, such as flagellates, it would be more energetically sound to put as much of
their nitrogen as possible into photosynthesis to maximise their immediate growth rate
whilst the nitrogen was available, this would make them r-strategists. When
phytoplankton are able to store nitrogen then it may be more energy efficient to prolong
the period of active growth for as long as possible to sustain the population numbers in-
between nutrient pulses, this would make them k-strategists.
After enrichment there was an increase in bacteria and heterotrophic nanoagellates as
well as other grazers < 20 m and larger grazers. There were differences in the type of
grazers present at different seasons. During the Spring Experiments the composition of
larger grazers < 20 m was mainly small Protoperidinium sp. and ciliates and the size
class > 20 m were predominantly large ciliates. During the Summer and Autumn
Experiments larger grazers < 20 m were composed mainly of ciliates and grazers > 20
m were made up of ciliates and dinoflagellates. Some grazers may be selective
predators and prey only on bacteria, algae or other grazers, others may be more
omnivorous and graze whatever is available including detritus. Obviously, if grazers
were preying selectively on phytoplankton then this would increase the amount of
assimilated chlorophyll a that was removed and cause a decrease in the apparent value
of q. Strom and Morello (1998) found that in grazing experiments ciliates consistently
had higher growth rates compared to heterotrophic dinoagellates and could have had a
tighter control over their prey. Therefore, seasonal changes in the type of dominant
grazer present in an ecosystem may affect the value of q.
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As the experiments progressed there was a tendency for the autotrophic component of
the microplankton to decrease and the heterotrophic component to increase. This could
be seen as having a regulatory effect on q as it may cause autotroph numbers to decrease
to a level where they are in balance with their predators. It is therefore possible that the
changes in community composition may cause seasonal differences in Phase l1 q to be
less severe after an enrichment event.
4.4.3 Sampling Artefacts
It is possible that some of the experimental methodology may have contributed to
apparent seasonal differences in q. As previously mentioned, some initial responses to
DAIN enrichment may have been missed as sampling only took place every 2 days. For
instance, the speed of chlorophyll a synthesis after DAIN uptake may have varied
between seasons depending on the physiological condition of the cells. This could also
apply to the speed of DAIN uptake and assimilation. The effects of environmental
conditions on the physiology of algal cells was discussed in section 4.4.1. This type of
artefact would be more likely to be important straight after enrichment when changes in
DAIN and chlorophyll a concentration were most rapid. As q is a cumulative value any
discrepancies in the initial measurements would have affected all the other values.
There was a day's delay in enriching the microcosms in Spring Experiment 2 which
resulted in q being measured 1 day after enrichment rather than 2 days as in the other
experiments, it was therefore possible that large increases in q might have occurred
immediately after enrichment which might have been missed in the other experiments
that only measured q after 2 days. The difference in the value of q between the two
Spring Experiments could therefore have been an artefact of the sampling method.
However, the delay in DAIN uptake was also exhibited by control microcosms in Spring
Experiment 2. This indicated that there were real differences in the physiological
response of the phytoplankton to DAIN during the two Spring Experiments.
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4.5 The Allocation of PN to Chlorophyll a in
Phytoplankton
Phytoplankton need to manufacture chlorophylls and accessory pigments to tum light
energy into chemical energy, in the form of ATP and NADPH2, that can be used in the
dark reaction of photosynthesis. The energy enables ribulose bisphosphate
carboxylase/oxygenase (RUBISCO) to fix atmospheric carbon dioxide and turn it into
organic carbon (Pora et al., 1997). However, photosynthesis alone cannot cause cells
to grow, for this to occur nutrients are also needed, including nitrogen. When the
concentration of an essential nutrient is low in the extemal environment it can limit
algal growth, and if the internal concentration of the nutrient causes the cell quota to
decline to the subsistence quota for that nutrient then growth will cease altogether.
Phytoplankton can store photosynthate when growth cannot occur immediately, for
instance, when cellular nitrogen concentrations are low. There is a limit to the amount
of reserve carbon that can be stored by an algal cell, and dissolved organic carbon may
be excreted by cells when they are stressed. It would not appear to be very energy
efficient for cells to carry on fixing and excreting carbon. Phytoplankton are able to
adapt very quickly to changes in their surrounding environment, and rapid physiological
responses to changing environmental conditions are common.
Some scientists envisage phytoplankton cells allocating internal carbon to different
functions depending on environmental conditions such as light, temperature and nutrient
availability (Geider, 1987; Geider et al., 1997; Shuter, 1979). The non-structural
functions that are considered in these models are reserves of carbon, biosynthetic
apparatus and photosynthetic apparatus. When the growth rate is nutrient limited
carbon is reassigned away from chlorophyll to prevent excess photosynthesis from
occurring. It is possible that nitrogen may be redistributed in much the same way.
Storage of excess nitrogen could occur when nutrients were in excess in the surrounding
environment, and nitrogen could be diverted from pigment production and reassigned to
other functions when nutrient limitation occurred. I algal cells assign more nitrogen to
the enzymes used for nitrogen uptake rather than chlorophyll a production when
nutrients are limiting then they are adapting to maximise their potential growth rate. lt
is essential for the growth rate of algal cells to exceed the death rate to ensure survival
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and it would seem to make good ecological sense for phytoplankton to adjust their
physiological response to their environment to obtain the maximum growth rate possible
under the prevailing conditions. Monoculture studies have shown that phytoplankton
are able to adjust their chlorophyll a content so that their growth rate is in harmony with
the supply of nutrients in the surrounding environment, as well as synthesising more
uptake sites when nutrients are scarce (Joseph and Villareal, 1998). I this manner algae
may be able to maximise their growth rates under a wide range of different
environmental conditions. Smith et al. (1992) found that improved environmental
conditions of irradiance and nitrogen resulted in a volume specific increase in
chlorophyll a in cells of cultured Skeletonema costatum.
Sciandra et al. (1997) argued that assimilation of carbon and nitrogen should not be
studied separately as they are interrelated and that changes in algal physiology in
response to light and nutrients should reect this. They drew attention to the fact that
NAD(P)H2 and ATP, which are respectively, reduced or energy-rich compounds
initially formed by the light reaction of photosynthesis, are used by algae in enzymatic
reactions to reduce CO2 and the oxides of nitrogen (and sulphur) and that this results in
competition occurring for these compounds. Additionally, they speculate that the
competition between the two assimilatory pathways may depend on the oxidation state
of the nitrogen and what is limiting algal' growth. These arguments are supported by the
results of other researchers such as Collos and Slawyk (1979) and Turpin et al. (1988)
who found that pulsing nitrogen limited cells with nitrate can cause a temporary
decrease in carbon fixation when light is not limiting.
The hypothesis that algae were adjusting their internal content of chlorophyll a during
enrichment experiments was investigated by estimating changes in the cell quota of
chlorophyll a and nitrogen over time (chlorophyll a and nitrogen per algal cell).
Autotrophic nitrogen was determined by dividing chlorophyll a by calculated q. The
number of autotrophic cells and nitrogen and chlorophyll a per autotrophic cell in
nitrogen enriched microcosms are shown in Figures 4.14 and 4.15.
As the number of algal cells increased so the chlorophyll and nitrogen per cell decreased
as nutrient limitation occurred. However, chlorophyll a did not decrease at the same
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rate as the cellular nitrogen. Chlorophyll a decreased more slowly than the nitrogen
when nitrogen limitation first occurred after the initial bloom between days 2 and 4.
This implies that at this stage, chlorophyll a synthesis was being given priority by the
cell. After day 4 the rate of decline of chlorophyll a per autotrophic cell was similar to
or faster than that of nitrogen per cell as nutrient limitation became more severe and the
cell quota approached the subsistence quota. After this the rate of decline of chlorophyll
a and nitrogen in the cells was often similarfor a time. Towards the end of the
experiments nitrogen and chlorophyll a per cell sometimes began to increase but not
necessarily at the same rate. Nitrogen and chlorophyll a increases per cell appeared to
occur only when the number of autotrophic cells decreased.
During the Summer and Autumn Experiments cellular nitrogen and chlorophyll a was
higher than during the Spring Experiments. This could be due to the fact that
autotrophic cell numbers were lower during the Summer and Autumn Experiments and
cells did not become so nutrient limited. Alternatively, changes in the community
composition of the phytoplankton could also produce this effect. There were larger cells
present during the Summer and Autumn Experiments including larger dinoagellates
which can contain more nitrogen and chlorophyll than smaller diatoms (Levasseur et al.,
1993).
After bloom formation self-shading may have contributed to the increase in chlorophyll
a per cell as algae tend to increase their component of chlorophyll a under conditions of
decreased irradiance. The amount that could be assigned to chlorophyll a synthesis
under these conditions would depend on the availability of nitrogen.
These results indicate that phytoplankton may have reassigned nitrogen to different
functions during different stages of the enrichment experiments and that this
reallocation seemed to depend on the cel1°s nutrient status. Nitrate reductase, that
reduces nitrate to nitrite in algal cells, is an inducible enzyme, its production is
stimulated by the presence of nitrate (Berges, 1997; Smith et al., 1992). Therefore,
immediately after enrichment energy would probably have been expended by algae to
synthesis nitrate reductase in the nitrate enriched microcosms. Studies undertaken by
Cleveland and Perry (1987) indicate that RUBISCO, the high molecular weight
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molecule used to fix carbon, acts as a large pool for nitrogen and that this can be
mobilised for a variety of functions. During the early part of the experiments after the
initial inux of nutrients, it would have been more growth efficient for the cells to
assign nitrogen to chlorophyll a production to maximise photosynthesis and hence
carbon fixation so that growth and cell division could occur. Nutrients are often only
available in the cell's external environment for short periods of time and phytoplankton
need to be able to exploit them and tum them into new growth as quickly as possible.
As cell numbers increased in response to nitrogen enrichment so levels of nitrogen per
cell fell and nutrient limitation occurred, this may have caused nitrogen to be assigned to
tasks such as uptake site production rather than to pigment synthesis.
Zonneveld (1998) has developed a model of the chlorophyll to carbon ratio in an algal
cell that is based on cell quota theory. The model contains two transient pools, one for
carbon and one for nitrogen. It is assumed that when carbon is in low supply relative to
the needs of the cell then growth is light limited and when nitrogen is in low supply to
relative to the needs of the cell then growth is nitrogen limited. Similarly, the kinetics
of chlorophyll a is assumed to depend on the limiting nutrient. He also assumed that
when cells are nitrogen limited the absolute rate at which chlorophyll is produced
depends on the amount of nitrogen in the transient pool. The chlorophyll cell quota
decreased by dilution through growth and through chlorophyll destruction. This model
would seem to be applicable to the results of this study. During the microcosm studies
as the nitrogen cell quota approached the subsistence quota all nitrogen would
presumably have been needed for necessary cell maintenance rather than chlorophyll a
production. As the nitrogen cell quota began to rise above the subsistence level cells
were once again able to allocate nitrogen to chlorophyll a synthesis. This did not always
occur, but when it did it did not always occur at the same rate as the increase in nitrogen
per cell. Algae in the nitrate enriched microcosms appeared to assign more nitrogen to
chlorophyll a production during the Spring Experiments than phytoplankton in the
ammonium enriched microcosms. During the Summer Experiment nitrogen per cell
rose in the ammonium enriched microcosms without a corresponding rise in the levels
of chlorophyll a per cell. It is possible for algal cells to become damaged when nutrient
limitation occurs and some nitrogen may be needed to ensure cell integrity before any
can be assigned to pigment synthesis when the cell quota begins to rise above the
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subsistence quota again. I this was the case then high concentrations of ammonium
may make algal cells more prone to cellular damage when nutrient limitation occurs
after the initial bloom.
These results also confirm that removal of chlorophyll a by grazing was not the
dominant factor controlling q at the beginning of the experiment. I it was, then
chlorophyll per cell would increase/decrease at the same rate as autotrophic cell
numbers. This obviously is not the case and algal cell abundance and chlorophyll a
concentrations show inverse relationships over the course of all experiments.
I conclusion, after microcosms were enriched with nitrogen much of it was assigned to
pigment synthesis maximising photosynthesis and the fixation of carbon dioxide for
biomass production. As the phytoplankton became nutrient limited there was a decrease
in paticulate nitrogen and chlorophyll a contained within each cell. However,
chlorophyll a did not decrease at the same rate as particulate nitrogen. Phytoplankton
appeared to allocate more nitrogen to chlorophyll a synthesis at the onset of nutrient
limitation after an enrichment event but then reassigned it to other functions - perhaps
nitrate/ammonium uptake site synthesis - as the cell quota approached the subsistence
quota and growth ceased. Thus, the allocation of nitrogen to chlorophyll a synthesis
appears to be controlled by a physiological response to changing environmental
conditions and is not constant. 4
4.6 Differences in q Due to Method of Determination
4.6.1 Comparison of Chlorophyll a Determination Methods
Three different methods of determining chlorophyll a were employed during this study:
1) Spectrophotometry - the trichromatic method of Jeffrey and Humphrey, 1975
2) Spectrophotometry - the acidification method of Lorenzen, 1967
3) HPLC
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Details of the chlorophyll a estimation methods used during this research were given in
section 2.7.3. The three methods used to determine chlorophyll a produced marked
differences in the value of q. This was to be expected as only the HPLC method
physically separated out the pigments in a sample enabling chlorophyll a to be
determined on its own. The chlorophyll a determined using the trichromatic method
included the breakdown products chlorophyllide a, pheophorbide a and pheophytin a.
Chlorophyll a measured using the acidification method included chlorophyllide a.
The trichromatic method of chlorophyll a determination has the additional feature of
being able to estimate concentrations of chlorophyll b and c in water samples, however,
it would seem to have major drawbacks for use in coastal Waters. Many coastal
ecosystems can be subject to high grazing pressure especially after algal blooms. When
grazing pressure is high or phytoplankton cells are senescent then clearly the
trichromatic method of chlorophyll a analysis is inadequate as a large proportion of the
chlorophyll a' determined will be non-photosynthetic pheopigments. When chlorophyll
a is grazed magnesium is removed from the tetrapyrrole ring and pheophytin a is
formed, likewise chlorophyllide a is transformed to pheophorbide a. The proportional
changes in chlorophyll a and its breakdown products shown in Figure 3.21 reveal that a
large proportion of the chlorophyll a products present during Spring Experiment 2 were
pheopigments especially after the bloom had reached its peak when up to 50% of
chlorophyll a products were pheopigments. The effect was not so great during the
Summer and Autumn Experiments, but even so, up to 15% of total chlorophyll a
products were in the form of pheopigments after the bloom had reached its peak.
Murray er al. (1986) found chlorophyll a overestimated by 48% in samples collected
from the Bass Strait in Australia. Neveux er al. (1990) found that chlorophyll a was
overestimated by 54% in samples collected from the Charante estuary in the French
Atlantic. An assessment of chlorophyll estimation methodology carried out by
Mantoura et al. (l997(a)) found that the trichromatic method was satisfactory when used
with pure pigments or microalgal extracts with no pheopigments present but that
chlorophyll a could be overestimated by approximately 60% in the presence of equal
weights of pheopigments. This method of measuring chlorophyll a should therefore be
used with caution in coastal ecosystems and should be especially avoided during the
Spring when blooms occur in temperate latitudes. Concentrations of chlorophyll a were
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overestimated using this method, especially during the Spring Experiments, and this
resulted in a concomitant overestimation in the value of q.
The acidification method allows the separate estimation of chlorophyll a and
pheopigments and so was generally more accurate, especially during the Spring
Experiments. This is in agreement with the results obtained by Mantoura et al.
(l997(a)) who found that the Lorenzen (1967) method improved estimates of
chlorophyll a. Problems with this method occurred during Spring Experiment 1 as it
sometimes produced negative values for chlorophyll a when pheopigments were present
in large quantities, this occurred in the ammonium enriched microcosms during this
experiment. The 'chlorophyll a' measured using this technique includes both
chlorophyll a and chlorophyllide a. Only chlorophyll a is actively involved in light
harvesting during photosynthesis and so it could be argued that only this pigment should
be measured to estimate phytoplankton biomass. However, chlorophyllide a is the last
step during the biosynthesis of chlorophyll a and could be regarded as being potential
photosynthetic material. Some researchers envisage phytoplankton cells allocating
carbon to different cellular components to maximise their growth rate under a range of
different environment conditions (Shuter, 1979; Geider et al., 1996; Geider et al., 1997).
It is possible that chlorophyll a may be degraded to chlorophyllide a by hydrolysis of the
phytol tail when photosynthate is in excess in the cell effectively limiting
photosynthesis, conversely it could be transformed into chlorophyll a again if conditions
once again become favourable for growth (Riper et al., 1979). The enzyme
chlorophyllase can catalyse both of these reactions. An attempt was made to determine
whether there was a relationship between the chlorophyll azchlorophyllide a ratio and
the specific growth rate of microplankton and the results are shown in Figure 4.16.
There was no obvious relationship between the chlorophyll azchlorophyllide ratio and
the specific growth rate, therefore no conclusions could be drawn on chlorophyllide a's
role as a regulator of photosynthesis from the data available from this research.
There has long been concern over whether large quantities of chlorophyllide a detected
in water samples are actually artefacts of the sample preparation techniques used prior to
analysis (Suzuki and Fujita, 1986; Jeffrey and Hallegraeff, 1987). Chlorophyllase,
which is the enzyme that hydrolyses the phytol tail from chlorophyll a changing it into
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chlorophyllide a, is membrane bound in the thykaloid and cannot react with chlorophyll
a until it is freed from the membrane. Jeffrey and Hallegraeff (1987) measured
chlorophyllase activity in 93 species of phytoplankton and found that diatoms, in
particular bloom-forming species such as Skeletonema costatum, contained more
chlorophyllase than other groups of phytoplankton. Other bloom-forming species such
as Chaetoceros sp. had variable chlorophyllase content depending on species. Not all
phytoplankton contain chlorophyllase and the problem seems to effect diatoms more
than other groups of phytoplankton. There are two stages in the preparation of samples
that have the potential to activate chlorophyllase by causing it to become detached from
the thykaloid membrane and enabling it to come into contact with chlorophyll a. Firstly,
phytoplankton abundance in water samples is normally low and cells need to be
concentrated prior to chlorophyll a determination, this is done by either centrifuging the
sample or by gentle filtration onto a filter paper. Results from the studies by Jeffrey and
Hallegraeff (1987) showed that during these processes chloroplasts can become
damaged especially if the algal assemblage is in stationary phase. During their
experiments filtration appeared to cause the worst damage. Secondly, during overnight
extraction in 90% acetone some enzyme activity may still occur. I filtration did cause
the dephytolation of chlorophyll a then the effect may have been worse in the Spring
Experiments when the bloom-forming diatom was Skeletonema costatum. During the
Summer and Autumn Experiments Skeletonema costatum was not the most abundant
diatom Chaetoceros sp. was. There was more chlorophyllide a in Spring Experiment 2
than in the Summer and Autumn Experiments and it is possible that differences may
have been an artefact of filtration. Samples were not stored overnight in 90% acetone
after Spring Experiment 1 when the results of extraction experiments clearly showed
that this was causing significant concentrations of breakdown products to be formed
(Appendix V).
To the author's knowledge there has been no resolution of this problem to date. Until a
method has been devised to inactivate chlorophyllase prior to filtration it is not possible
to know whether some or all chlorophyllide a found in samples is an artefact. If it is an
artefact then the acidification method of chlorophyll a determination is the best method
to use when calculating q, if not then physically separating out chlorophyll a and
chlorophyllide a from each other using HPLC analysis is best.
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4.6.2 g Determined using Particulate Nitrogen
Values of q were also calculated using particulate nitrogen (PN) concentrations and this
often resulted in higher estimates of q than when DAIN was used as nitrogen. This
implies that less paticulate nitrogen was being observed than would be expected from
the DAIN enrichment. This could have been an atefact of the frequency of the
sampling which only took place every second day so that it would be unlikely that
decreases in DAIN and increase in PN would be exactly in alignment. For instance
during Spring Experiment 1 DAIN decreased by 21.12 M but PN only increased by
18.52 resulting in values of q being higher when determined using PN instead of DAIN.
Some studies have shown that phytoplankton can produce large amounts of dissolved
organic nitrogen (DON) during bloom conditions (Reynolds et al., 1982; van Boekel et
al., 1992), this may be due to storage capacity for nitrogen being exceeded as it seems
unlikely that phytoplankton would relinquish valuable nitrogen unless they had to. This
would mean that some of the DAIN that was assimilated to become PN may have been
subsequently lost to the phytoplankton cell by the excretion of DON. Once grazing
pressure had risen PN would also be converted to DON through messy feeding. During
the Autumn Experiment this trend was reversed with q determined using DAIN
producing a higher value than when PN was used at nitrogen. However, during both the
Summer and Autumn Experiments the initial PN had to be interpolated as samples were
lost for the days after enrichment and so real differences between q estimated using
DAIN or PN for these two experiments cannot be determined.
Mean values of DAIN in the reactor were calculated using logarithmic rates of change
and were used to estimate daily fluxes of DAIN in and out of the growth chamber.
Mean values of PN in the reactor were also estimated using logarithmic rates of change
and were used to calculate daily fluxes of PN out of the growth chamber. Cumulative
nitrogen was then estimated taking into account the calculated uxes plus the nitrogen
measured in the reactor. Obviously, any deviations between the calculated fluxes and
the actual uxes could result in discrepancies between the two methods of calculating
nitrogen.
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There is likely to have been recycling of nutrients occurring especially after the bloom
when heterotrophic protozoa and bacterial numbers were increasing. After the initial
enrichment, growth was nutrient limited and so algae would probably have taken up any
regenerated nitrogen very quickly and assimilated it as PN, therefore it is unlikely that it
would have been picked up in the nutrient analysis.
Regenerated nitrogen was going to be measured using nitrogen isotope techniques,
however, financial constraints prevented this and so there are no direct measurements of
recycled nitrogen during any of the experiments.
As these experiments used natural populations of microplankton not all PN was
contained in the autotrophic compartment, some would be tied up in heterotrophic
biomass. This also would result in discrepancies between the two methods of
determining q with underestimates of q becoming more important as the experiment
progressed and more nitrogen was being assigned to the heterotrophic compartment of
the microplankton. However, this effect is not obvious as q determined using PN is
always higher than determined using DAIN at the end of experiments. The other factors
already discussed may have obscured it. For instance, as the experiments progressed
more and more nitrogen that had been assimilated as PN would have become DON
through the action of grazers which would have resulted in an overestimation of q
determined using PN as the nitrogen source.
4.6.3 Conclusions
The method used to estimate q has a direct effect on the value obtained, it is therefore
important to specify which method is being used. The trichromatic method of
determining chlorophyll a (Jeffrey and Humphrey, 1975) would not seem to be very
appropriate for coastal ecosystems which can have large amounts of chlorophyll a
products present as pheopigments. The acidification method of Lorenzen (1967) was
more useful as it separates out pheopigments from chlorophyll a (plus chlorophyllide a),
however, there can be problems with this method when large quantities of pheopigments
are present. I chlorophyllide a is not considered to be a methodology artefact or a
potential photosynthetic pigment then the HPLC method is the best detennination
method as it physically separates out chlorophyll a from chlorophyllide a.
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There are many factors that make estimation of q from PN prone to inaccuracies,
especially the conversion of PN into DON after nitrogen has been assimilated and the
probability that some of the PN will be present in heterotrophs. It is therefore
recommended that estimating q from enrichment of a known concentration of DAH\I is
preferable to estimating it from the resultant PN production unless DON is also
measured.
4.7 Comparison of Synoptic and Time Series Q
In this section the results of the microcosm time series experiments are compared to
those obtained using synoptic data in Gowen et al. (1992). Gowen's histogram of log q
from synoptic data has been reproduced in Figure 4.17 and overlain with time series log
q for each experiment undertaken during the present study. The ACID/DAIN method of
q determination has been used for the comparison because acidification techniques were
used in the estimation of chlorophyll a for the data sets used in the Gowen study.
There is less variation in the value of q obtained during the time series experiments
compared to q produced using the synoptic data, with highest q occurring on Day 2 of
the Autumn Experiment in nitrate enriched microcosms (Figure 4.17(d)) and lowest q
occurring on Day 9 of Spring Experiment 2 in nitrate enriched microcosms (Figure
4.17(b)). The greater Variation in Gowen q may be due to differences in light,
temperature, background nutrients or the community response to DAIN at the sites used
by Gowen et al. in their study, this could be described as an inter-ecosystem variability
in the value of q. This can be contrasted to intra-ecosystem variability which was
observed during the time-series experiments and two of the sites studied by Gowen
where data was collected over a number of seasons, i.e. Loch Hourn during 1989 and
Loch Spelve during 1985 when variability was less severe. Table 4.4 compares the
range of the microcosm data with the range of data for Loch Hourn, Loch Spelve and
all west coast locations obtained from the study undertaken by Gowen et. al. (1992).
The seasonal spread of data is similar for q obtained from the two west coast lochs and
the experimental microcosms. This may indicate that some of the range in q found in
the synoptic studies as a whole (5.25 g chl (mol N)`1) came from inter-ecosystem
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differences. Inter-ecosystem differences in q may be due to greater grazing pressure at
some locations with mesozooplankton and/or protozoa effectively removing nitrogen
after it has been assimilated into chlorophyll a. In addition, some locations may be more
light limited than nutrient limited due to differences in turbulence, depth of the loch or
suspended solids.
Sample
Location
Lower limits of q Upper limits of q Range in q
g cm (mo N)-1 g cm (mo N)'1 g c (mß Nyl
Microcosms 0.50 3.98 3 .48
Loch Hourn 0.25 3.87 3.62
Loch Spelve 0.26 2.74 2.48
All Locations 0.12 5.37 5.25
Table 4.4 A comparison of the range of q obtained from microcosm studies with q
obtained from Loch Hourn (1989), Loch Spelve (1985) and all locations
during synoptic studies undertaken by Gowen et al., 1992
However, there is no obvious similarity in pattem between the seasonal timing of the
highest and lowest values of q for data obtained from Loch Houm, Loch Spelve and the
microcosms. This implies that other factors may also contribute towards the spread of q
values obtained using synoptic datasets. Gowen et al. (1992) make the assumption that
synoptic sampling of a loch is equivalent to following the evolution of phytoplankton
biomass at the expense of nitrate in a packet of water entering the loch and originally of
low chlorophyll and high nitrate concentration.. This will probably only be the case
preceding bloom conditions in the Spring and perhaps the Autumn. I fact, only 8 of
the 38 data sets in Table l of Gowen et. al. (1992) were collected during the Spring
period and over half were collected during the Summer.
During the Summer the microbial food web plays an important role in nutrient recycling
and any nutrients that enter the euphotic zone can be quickly taken up by algae.
Protozoa have a similar metabolic rate to their prey and hence have the potential to be
prolific grazers of autotrophic microplankton. This fast tumover of both nutrients and
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chlorophyll at this time of year makes it difficult to determine the value of q by direct
measurements from coastal waters as nutrients are contained in the microplankton.
West coast sites are also low in nutrients and phytoplankton biomass observations
were necessarily made under oligotrophic conditions." Gowen et al. (1992). I
oligotrophic ecosystems the microbial web is often dominant. Another factor which
could contribute to the variability in synoptic datasets is the uncoupling of uptake from
growth that can occur during the height of a bloom when some phytoplankton can store
nitrogen that is present in excess in the surrounding environment.
Another prominent feature of Figure 4.17 is that most of the values of q detemined
from the microcosm experiments fall within the 95% confidence limits of the Gowen
histogram after the initial bloom. This would imply that Scottish west coast locations
may not be able to sustain the highest levels of q and that q is being regulated in some
way in these ecosystems. This regulation could be imposed by grazing, disease, sinking
of cells or growth limitation either by light or by nutrients. The highest q occurs at the
beginning of each microcosm experiment after enrichment by DAIN when grazing is at
its minimal and there is an excess of nutrients. These conditions are transitory and after
the bloom q declines until it reaches a level where it can remain relatively constant.
This suggests that the median value of 1.05 mg chl (mmol N)" used by Gowen er al.
(1992) for q may be a good estimate which takes account of the community response of
microplankton to DAIN enrichment in coastal ecosystems after the initial bloom has
subsided.
1.05 g chl (mol N)`1 is the value of q that is used in a worst-case scenario screening
model used to monitor water quality for eutrophication potential in UK coastal waters
by the CSTT. This value can be interpreted as being a standard set by the CSTT and as
such can be used in a t-test to determine whether it falls within the 95% confidence
limits of q values obtained from the microcosm studies. T-tests were carried out to test
the null hypothesis that maximum q and day 8 q obtained from the microcosm studies
were not significantly different from the standard q used in the CSTT screening model.
All t-tests were carried out on log transformed data which was assumed to normalise it.
Day 8 q was not significantly different to CSTT q during any season at the 95%
confidence level. Maximum q was significantly different to CSTT q in nitrate enriched
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microcosms during the two Spring Experiments and in the ammonium enriched
microcosm during the Autumn experiment at the 95 % confidence level.
4.8 An Assessment of the Usefulness of Microcosms for
Estimating g
The quasi-synoptic studies of Scottish sea-lochs undetaken by Gowen et al. (1992)
revealed that q is a very variable parameter and that there were no easily interpretable
pattems to the range of values that were obtained by simple regression analysis. The
aims of this thesis were to investigate what might be causing the variations to occur and
to provide improved values of q that could be used in the CSTT screening model that is
used to monitor water quality for eutrophication potential in the UK. The most
appropriate method for observing the synthesis of chlorophyll from assimilated DAIN is
a time-series study. Coastal ecosystems are dynamic, complex and heterogenous
environments that are not suitable for this type of experiment, it was therefore necessary
to collect a representative sample of the ecosystem of interest which could be
manipulated and studied back in the laboratory under controlled conditions. It was
decided that zooplankton > 200 m in size should be excluded from the study: they can
graze down enclosed phytoplankton very quickly and can contain large quantities of
chlorophyll (present in their prey) which can interfere with the estimation of q.
However, the exclusion of mesozooplankton may have allowed protozoan grazers to
attain higher abundances as mesozooplankton may graze preferentially on protozoa.
Microplanktonic (< 200 m in size) interactions are in the order of micrometers and it
was therefore considered appropriate to use small microcosm set-ups and 10 litre
polycarbonate carboys were selected as enclosures.
Gowen er al. (1992) used data from Caperon and Meyer (1972) to estimate q for a
selection of algae and found that it could vary between species, it was therefore
important that the microplankton contained in the microcosms remained as natural as
possible throughout each time-series experiment. Continuous culture techniques were
used to simulate the dynamic nature of the coastal ecosystem that the microplankton had
been collected from. Dilution of the microcosm also simulated (non-selective)
zooplanktonic grazing and minimised problems associated with wall-growth in small
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containers. In addition, the resupply of nutrients ensured that the experiments could be
run for a couple of weeks and that a large sample (equivalent to the dilution rate of 0.2
d") could be taken regularly from the reactor. Large quantities (approximately 240
litresl) of sea water were collected from the sampling site and were used as diluent for
the microcosms after being filtered through a 0.5 m pore size heavy duty filter in an
endeavour to supply the microplankton with substances found in their natural
environment, as many algae require micronutrients and organic compounds to grow. A
similar experimental set-up used by Jones er al. (1978(b)) showed that phytoplankton
contained in microcosms retained their naturalness for up to 30 days and displayed
similar pattems of growth to those observed in the loch they were taken from. Large
scale mesocosms are not able to simulate the dynamic nature of coastal ecosystems as
well as laboratory based microcosms as the enclosures used are often bags and the
environment inside does not exchange with the outside ecosystem (except the
atmosphere). Sondergaard et al. (2000) created a pulsed chemostat type unit using
natural fjord water at 0.1 d` dilution rate, but this type of set-up would not be suitable
for measuring dynamic q as the characteristics of the water being used as diluent would
not be under the control of the researcher and mesozooplankton would be present.
One of the difficulties encountered with large in situ mesocosm experiments is how to
obtain homogeneity for sampling. Many recent mesocosms used for enrichment
experiments have been designed to produce mixing in the water column using airlift
techniques Thingstad et al. (1999), Egge (1998) and Sondergaard er al. (2000).
However, it is more difficult to ensure adequate mixing in these large scale enclosures
and, one would suppose, impossible to test adequately. Any heterogeneity in the
experimental enclosure could complicate the interpretation of results, obscure real
differences between treatments and make reproducibility of results difficult within
treatments. Good enclosure mixing is also important to allow good contact between
organisms/nutrients, predators/prey and to keep the phytoplankton in the average light
field thus preventing self-shading from becoming a major problem all of which can
affect q. Homogeneity was obtained in the microcosms through the use of large
magnetic stirrers and the input of filtered air and an experiment was carried out to
ensure that mixing was adequate (see Appendix IH). It is especially difficult keeping
chain-forming diatoms from settling out during enrichment experiments unless mixing
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is consistent and thorough as they can aggregate. Schlüter (1998) experienced problems
with blooms of Skeletonema costaum aggregating and settling out in bottles suspended
in the sea even though they were shaken every 4 hours! Obviously, any settling out of
chain-forming diatoms would affect the estimation of q by removing chlorophyll from
the water column where sampling takes place.
Gowen et al. ( 1992) discussed the virtues of using a dynamic value of q (ratio of relative
changes) rather than a static value of q (ratio of concentrations) for coastal environments
which are more dynamic than fresh water ecosystems. The yield q is an ecosystem
parameter, and is affected not only by the availability of DAIN but by environmental
factors such as irradiance and temperature as well as trophic interactions within the
microplankton. It was thus highly desirable to collect as much data as possible to help
interpret what was causing the changes in q to occur both temporally and seasonally.
The use of microcosms facilitated the routine collection of large homogenous samples
that could be used in a suite of chemical and biological analyses. Thus, changes in
grazing pressure, species interactions and the repartitioning of nitrogen after enrichment
with DAIN could be measured and the results used to aid in the interpretation of what
processes might be affecting the value of q. _
Gowen er al. (1992) observed some statistically significant seasonal trends in q for Loch
Spelve. In order to investigate this further, microcosm experiments were carried out
during the Spring, Summer and Autumn. Chlorophyll synthesis in phytoplankton is
affected by light and temperature therefore environmental regimes were devised to
mimic those that the microplankton had been experiencing at each season. Day-night
cycles were set-up using a timer, light quantity was controlled using tracing paper as a
filter and the light quality experienced by phytoplankton in the sea was simulated using
green and blue uorescent tubes. It was not possible to obtain coloured uorescent
tubes that were long enough to service all of the microcosms and one small (0.6 metre)
and one large (1.5 metre) had to be used instead, this caused some differences in
irradiation to be experienced between microcosms which may have produced some of
the variability in q between microcosms. However, the differences were never so large
as to obscure seasonal differences in irradiance. It is also not feasible to simulate the
diurnal changes in irradiance that microplankton would experience in their natural
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environment in the laboratory. The temperature was controlled by a thermostat which
was very reliable. Care was taken to prevent heat generated from the magnetic plates
being transferred to the reactors by placing thin plywood between the carboys and the
plates and the uorescent tubing was cool light and did not noticeably affect the
temperature. Significant seasonal differences in q were confirmed using this set-up and
it was possible to speculate on the factors that may have caused this to occur due to
environmental conditions being controlled in the laboratory. It would be more difficult
to do this using in situ mesocosms under changing conditions, for instance, if there was
a lot of cloud cover during a Summer Experiment it may limit photosynthesis and
obscure real differences between other seasons.
One of the assumptions made by Gowen et al. (1992) was that uptake of DAIN caused
similar quantities of chlorophyll to be synthesised by phytoplankton irrespectively of
whether it was present as ammonium or nitrate. It was important to discover whether
this was in fact the case as the relative quantity of inputs of ammonium and nitrate that a
particular coastal ecosystem receives can vary seasonally and is dependent on
anthropogenic activities in the catchment area. The small size of the enclosures allowed
six microcosms to be set-up in a temperature control room at DML, Oban: 2 controls, 2
ammonium enriched microcosms, 2 nitrate enriched microcosms.
The use of replicates allowed ANOVA analysis to be carried out to determine whether
differences in q were significant between treatments. There were significant differences
in q between treatments which were most obvious during the Summer and Autumn
Experiments.
Reproducibility between replicate treatments was good enough to allow significant
differences between treatments and seasons to be observed. The most variability
occurred whilst the bloom was at its peak soon after enrichment, which makes intuitive
sense as small differences between the individual microcosms in each experiment would
affect q to a greater extend during the period of maximum algal biomass production. It
is not possible to obtain perfect replicability using natural assemblages of microplankton
as there will always be some unavoidable differences between microcosms. Whilst
setting up the microcosms some may receive a few extra protozoa/parasites or there may
245
be slight differences in irradiance using uorescent tubing. I addition, over a two week
experiment there can be problems with leaky tubing and air filters becoming blocked.
In conclusion, a large number of different types of enclosures have been used to study
natural assemblages of pelagic organisms ranging from very large in situ experiments
i.e. the ll m3 mesocosms used by the Marine Biological Station near Bergen in Norway,
to very small batch culture experiments such as those undertaken by Riemann et al.
(1989). However, with the exception of Jones et al. (1978(a)); Jones er al. (1978(b)), it
is difficult to find other continuous culture microcosm studies that have been used to
study the response of the microplankton to enrichment. Despite this fact, microcosms
would seem to be the most suitable method available for the study of q.
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Season Dominant Phytoplankton
Early Spring Skeletonema costatum
Chaetoceros sp.
Nitzschia sp.
Thalassiosira sp.
Late Spring Skeletonema costatum
Chaetoceros sp.
Nitzschia sp.
Thalassiosira sp.
Summer Chaetoceros sp.
Nitzschia sp.
Leptocylindricus sp.
Skeletonema costatum
Autumn Chaetoceros sp.
Skeletonema costatum
Nitzschia sp.
Leptocylindricus sp.
Ditylum brightwellii
Eucampia zoodiacus
Rhizosolenia sp.
Lauderia borealis
Table 4.3 Seasonal changes in the dominant phytoplankton dentfied
during microcosm experiments. The most numerous speces
present are shown in bold.
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Figure 4.17
1
versus the chlorophyll azchlorophyllide a ratio using
data obtained from all microcosm experiments.
The relative frequency distribution of log q produced using
data from Table 1 found in Gowen et al., 1992 is shown
overleaf as a histogram in all four graphs. This histogram has
been overlain by the time series values of log q obtained from
continuous culture microcosm experiments during 1999 using
the ACID/DAIN technique: a) Spring Experiment 1 b)
Spring Experiment 2 c) Summer Experiment d) Autumn
Experiment.
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5 Conclusions
5.1 How Improved Values of q will Affect the
Predictions of the CSTT Screening Model
5.1.1 Introduction
The CSTT Screening model (CSTT, 1997 - section 6) was described in detail in section
1.2 The model estimates the maximum chlorophyll a (Xmax) that can be produced in
response to enrichment if all DAIN is tumed into chlorophyll a.
The results of this study and the literature reviewed during the course of this study
indicate that DAIN may not always be tumed into chlorophyll a even when it is
assimilated by algae. The amount allocated to pigment will depend on the nutrient
status of the algae along with environmental conditions such as light and temperature.
However, as the CSTT model is a screening model and thus illustrates a worst-case
scenario, this effect can be ignored.
CSTT suggests using a single q value of 1.05 mg chl (mmol`l N) irrespective of whether
nitrogen is present as nitrate or ammonium. The value of 1.05 mg chl (mmol" N) was
the median value obtained from regressions of chlorophyll against nitrate measured
quasi-synoptically in sea-lochs (Gowen et al., 1992). The dynamic estimation of q
during the microcosm work has led to values that can be used under a range of
conditions. Ammonium and nitrate enriched microcosms gave statistically significantly
different values of q during the Summer and Autumn Experiments and separate values
of q can be used for these two species of nitrogen. The microcosm experiments also
showed that q declined over time after enrichment, and therefore two values of q have
been calculated to represent a maximum yield (Max q) and a lower value of q (Day 8 q)
representing the effects of nutrient limitation or diversion of nitrogen into heterotrophs
(Table 5.3). These values of q were obtained using the acidification technique of
Lorenzen (1967).
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The aim of this section is to investigate how the CSTT model maximum predicted
chlorophyll (Xnm) is changed by the improved values of q. The model has been applied
to the Firth of Forth in eastem Scotland using both the original and the proposed new
values of q. The purpose of this exercise is to identify whether there are differences in
Xmax using the different values of q, rather than to reach a definitive conclusion about
whether the Firth is eutrophic.
5.1.2 A Comparison of Original and New Proposed Values of q
using Data Agpertaining to the Firth of Forth
The area under consideration for the calculations extends from Stirling to the Isle of
May (see Figure 5.1). Inputs of nitrate and ammonium from sewage, industry and rivers
were obtained from the PARCOM, 1999 Report, SEPA pers. comm.. Sewage inputs
into the Firth of Forth were those from works at Edinburgh, Kirkcaldy, Leven Valley
and Wallyford. Industrial inputs were those from United Breweries Cameronbridge.
River inputs were those from the Esk, Forth, Leven and Water of Leith. All data was
converted from tonnes of nitrogen per annum to mmol d`1. Information about
atmospheric inputs was obtained from the Department of the Environment, Transport
and the Regions (DETR) website (www.aearco.uk/netcen/airqual/networks/cdacidnk.html) in
May 2001. Data were taken for Whiteadder which was the nearest air quality
measurement site to Edinburgh. Inputs of nitrate and ammonium (mmol m`2) were
averaged over 5 years (1995 - 1999) to obtain mean atmospheric nitrogen input into the
Firth of Forth. The resulting estimates of daily inputs of nitrogen into the Firth of Forth
are shown in Table 5.1.
1Source Nitrate (mmol d`1) Ammonium (mnol d' )
Sewage 5.31 x 106 4.29 X 10*
Industry 0 7.50 X 10Â
°
Rivers 8.22 x 108 8.63 X 107
Atmosphare 5.72 X 107 5.68 X 107
Total 8.85 X 10* (sm) 5.80 X 108 (sia
Table 5.1 Daily inputs into the Firth of Forth (measured from Stirling to the
Isle of May)
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Background nitrogen (SO) and chlorophyll (X0) levels in the North Sea adjacent to the
Firth of Forth were taken from horizontal contour maps produced using observational
data obtained during 1984 - 1993 which are to be found in Pätsch and Radach (1997).
S0 consisted of nitrate and small concentrations of nitrite (0.1 mmol m`3), background
levels of ammonium were taken as 0.0 mmol m`3. The volume of the Firth of Forth (V)
and its dilution rate (D) were supplied by SEPA, Edinburgh. These parameters which
are used in the calculations required by the CSTT model are listed in Table 5.2 where
Soa is background ammonium and Sm, is background nitrate.
Parameter
volume (m3) 2.02 X 101Â
°
Dilution foto (cl") 0.032
Winter Summer
2 1
s (mmol mß) 0.0 0.0
so.. (mmol m'3) l0.l 2.1
X (mg m3âº
Table 5.2 Background nítrogen and chlorophyll, dilution rate and volume of
the Firth of Forth
I order to determine whether hypemutrification might be occurring according to the
original CSTT method the following equation was solved for the equilibrium
concentration of DAIN in the Forth, in the absence of phytoplankton growth:
swhere Si (= Sin + Sm) are the inputs given in Table 5.1 and S0 (= Son + SM), D and V
values are given in Table 5.2. I order to use the new values of q, separate calculations
were carried out for equilibrium ammonium:
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and nitrate:
The results were as follows:
wimer (s) = 23.79; (sa) = 8.97; s = 32.76 mm<º1m'3.
Summer: (Sn) = 14.90; (Sa) = 8.97; S = 23.87 mmol m`3.
The calculations show that hypernutrification (defined as S > 12 mmol DAIN m`3) is
occurring during both the Summer and the Winter. It can be seen that the changes in S
are solely due to changes in the concentrations of nitrate in the North Sea which are high
during the Winter and low during the Summer. It may be that other inputs - e.g. river
DAIN - are also seasonal but this has not been taken into account.
Worst-case chlorophyll (Xmax) is determined using the following equation:
Xmax = X0 + q.S mg m`3
using the original and the proposed new values of q shown in Table 5.3. Values for
Max q and Day 8 q for nitrate and ammonium have been calculated using data obtained
from the Summer microcosm experiment. The results of solving the equation are shown
in Table 5.4.
(mg cm (mmol N)'1)
Original 1.05
Max (nitrate) 2.35
Day 8 (nitrate) 0.97
Max (ammonium) 1.54
Day 8 (ammonium) 0.57
Table 5.3 Original and proposed values of q for use in the CSTT screening
model
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Contribution from using X max (mg m`3)
1 Nitrate (Max q) 37.0
2 Ammonium (Max q) 15.8
DAIN (total 1 and 2) (Max q) 52.8
3 Nitrate (Day 8 q) 16.5
4 Ammonium (Day 8 q) 7.1
DAIN (ma 3 ana 4) (Day s q) 23.6
DAIN (Original q) 26.1
Table 5.4 X max determined for nitrate, ammonium and DAIN using values of q
supplied in Table 5.3
Xmax values determined using Day 8 q and CSTT q are similar, but Max q resulted in
much higher Xmax. In all cases the CSTT model suggests that the Firth is potentially
eutrophic, although the potential may not in fact be realised because of light limitation
(see Perez-Castillo, 1994).
5.1.3 Discussion
During the microcosm experiments, q reached a peak soon after the addition of DAIN.
Max q represents a maximum value following an enrichment event in which nutrients
are quickly taken up by algae producing a bloom that is unregulated. Such a bloom can
be seen as a temporary runaway effect, which, under the experimental microcosm
conditions used in this study, lasted for only a few days. After this there was a decline
in q until by day 8 the yield had become relatively stable at a lower value due to an
increase in protozoan grazer abundance and nutrient limitation.
It can therefore be argued that Day 8 q represents an ecosystem response to a bloom that
can regulate algal biomass after an enrichment event.
The CSTT screening model is used to predict maximum potential Summer chlorophyll
concentrations. During this season in coastal ecosystems it would be expected that
pelagic food web interactions would be dominated by microbial loop processes. Under
these conditions, newly formed chlorophyll is rapidly consumed by protozoans, and
inputs of DAIN may not automatically result in an accumulation of algal biomass.
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Therefore in the case of a typical coastal water in Summer, users of the CSTT model
should best employ Day 8 q.
Under consistently hypemutrified conditions other factors such as water column
stratification or changes in the balance of nutrients may at some stage produce
conditions conducive to harmful algal blooms (HABs). It is likely that there is a
decrease in the capacity of grazers to control blooms which contain toxic organisms and
this may result in a persistence of high algal biomass. This may be especially important
in coastal waters that contain fish farms or shellfisheries where HABs can cause the
greatest damage. I these cases the model should be used with Max q (See Tett, 2000).
The differences in q between nitrate and ammonium enriched microcosms during the
Summer Experiment were large, with consistently lower values of q being obtained
from ammonium enriched microcosms. Some coastal ecosystems may have higher
inputs of ammonium via sewage or fish farms whilst others may have higher inputs of
nitrate coming from rivers, and the importance of each input source may change
seasonally, so it would seem to be pudent to be able to calculate Xmax for both species
of nitrogen. The differences in q observed during the microcosm experiments may
mean that coastal waters receiving the majority of their DAIN inputs as ammonium may
not be so prone to eutrophication as coastal water receiving large inputs of nitrate.
However, these initial results must be used with caution, as the interpretation of the
differences in the values of q obtained from ammonium and nitrate enrichment will
depend on what is causing this difference to occur (see section 4.4.1). It is therefore
suggested that for the present nitrate values of q are used irrespective of species of
nitrogen present. The results of this study indicate that further investigation into the
relationship between nitrogen species and q would be beneficial and a further
experiment is outlined in section 5.2.
Xmax estimated using the original CSTT q value and the new Day 8 q values are very
similar (26.l and 23.6 mg m`3 respectively). This makes intuitive sense as the data-sets
used by Gowen et al. (1992) came from sea-lochs over a range of seasons and during
non-bloom conditions algal biomass is often kept in check by the action of grazers.
Many of the data-sets were collected during the Summer when microbial loop processes
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would be expected to keep algal biomass low. I contrast, Max q would appear to be
transient and therefore only a few of the data-sets used in the quasi-synoptic study of
Gowen et al. (1992) include high values of q that correspond to it. Gowen et al. (1992)
used data from studies of Loch Creran Spring increase (see Tett et al. 1985) to get
values of q ranging from 1.54 to 1.96. The fact that the median value of q obtained
from the Gowen studies is similar to Day 8 q may imply that ecosystem responses to
enrichment, such as increases in protozoan grazing pressure, can generally keep algal
biomass in check. All values of q, old and new, were obtained from west coast
locations which are relatively oligotrophic (during the microcosm experiments eutrophic
conditions were induced by DAIN enrichment) and it may be beneficial to carry out
further studies using water from more hypernutrified locations to determine whether the
initial trophic status of a coastal ecosystem affects the value of q.
CSTT (1997) distinguish zones A, B and C on the basis of distance from the discharge
outfall: discharged nutrients only remain in zone A for a matter of hours, not long
enough to affect phytoplankton biomass; discharged nutrients remain in zone B for a
few days and can affect phytoplankton biomass; discharged nutrients reside in zone C
for a few weeks and mineralisation can occur.
The area that is used for the calculations carried out in this section (Stirling to the Isle of
May) would be considered a zone C and not a zone B of potential effect from a
discharge source. This in effect would mean that it would not be appropriate to use the
screening model calculations on the whole area as the residence time of water is 30
days. Instead smaller areas of the estuary would be selected for the study. Data taken
from SEPA report TW 8/96 (Park, 1996) shows chlorophyll a concentrations are
generally < 3 g 1'! with bloom periods producing a highest value of 13.83 g 1'] during
1996. This indicates that although DAIN inputs may be high algal biomass is not
accumulating. The CSTT model suggests that if X ,mx exceeds 10 mg chl m`3 in the
Summer, conditions may be eutrophic unless algal biomass is controlled by light
limitation or grazing pressure. It would seem likely that in general the Firth of Forth is
light limited as it is a well mixed estuary and would be expected to contain a lot of
suspended material. This would prevent chlorophyll a levels from rising to the high
levels predicted by the CSTT model. Pérez-Castillo (1994) reached this conclusion for
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Kirkcaldy Bay. I the case of the Firth of Forth it would be appropriate to use Day 8 q
in the CSTT model as it is a well mixed estuay that does not contain fish farms or
shellfisheries.
Other researchers in Europe and the US are investigating ways in which to predict the
impact of discharges into coastal ecosystems using models that can be utilised routinely
by water quality monitoring organisations. I Finland an approach similar to that used
in fresh waters has been used by Meeuwig et al. (2000) to predict the effects of nutrient
inputs into the Baltic Sea on algal biomass (using chlorophyll a as a biomass indicator).
Interestingly, they have developed two different models depending on whether inputs of
nutrients into an ecosystem are mainly from point sources (PS) or from non-point
sources (NPS). They found that for ecosystems dominated by PS inputs the predictions
that best matched observed data were obtained using linear regression of chlorophyll
against total phosphorus. When most of the inputs were from NPS they found that a
regression model that used values for the percentage of the catchment that was forested
and estuarine mean depth to predict chlorophyll produced the best results. They
speculated that phosphous contained in PS nutrient inputs was more biologically
available than that from NPS. Their model does not take into account dilution rate or
volume of the water body that the discharge is entering as Finnish estuaries are not
typical estuaries and are non-tidal with low salinity.
The CSTT model was devised to take especial account of dilution rate and volume as
most UK estuaries are dynamic and tidally well-mixed systems. The model also takes
into consideration factors that might prevent algal biomass from reaching its full
potential such as light limitation and grazing. Both of these regulating processes can be
important in UK waters. Dynamic coastal ecosystems can contain large quantities of
material suspended from the sea bed that can limit the amount of light available to algae
for photosynthesis and growth. Recent studies by Strom et al. (2001) and Tamigneaux
et al. (1997) studying natural phytoplanktonic interactions in coastal ecosystems have
found that microzooplanktonic grazers can have a large impact on chain-forming
diatoms during blooms. The CSTT envisaged grazing losses as being due to
mesozooplankton and benthic filter feeders. Implicitly, CSTT used the microplankton
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model, in which protozoan grazing and microheterotroph respiration is implicit within a
microplankton compatment and ecosystem q is less than algal q.
Not all coastal ecosystems will become eutrophic despite receiving high inputs of
nutrients. Enhanced nutrient inputs have not resulted in eutrophication in the Firth of
Clyde (Bock et al., 1999), North San Francisco Bay (Alpine and Cloem, 1992) or the
Ythan River estuary (Balls et al., 1995), but have in the Kattegat (Richardson and
Heilmann, 1995) and Chesapeake Bay (Harding, 1994). I an estuary is well-mixed,
light limited or has high grazing pressure then nutrient inputs will most probably not
produce large quantities of algal biomass.
I the US several models have been developed to predict the susceptibility of coastal
ecosystems to eutrophication. Lucas et al. (1999) have produced a model of benthic
grazing versus light that takes into account the physics of well-mixed estuaries over
different seasons. They use a depth-averaged numerical model as a theoretical tool to
describe how interacting local conditions inuence the local balance between
phytoplankton sources and sinks. Algal biomass can be removed from coastal
ecosystems by grazing and light limitation would prevent nutrients from being utilised.
Both these processes can act as controls on algal biomass and diminish the likelihood of
eutrophication in coastal ecosystems. This model has been tested with good results in a
shallow well-mixed estuary. Many Scottish sea-lochs are very deep and not well-mixed
and this type of model may not be as useful under these conditions as in shallower
estuaries. The model does not take into account pelagic grazing pressure which may be
important in coastal ecosystems (Ross et al., 1993).
Another predictive tool has been developed by Cloern (1999). He has compiled a
simple index of relative strength of light/nutrient limitation on algal growth using
models. He suggests that this can be used as a diagnostic tool to classify the sensitivity
of coastal ecosystems to eutrophication. This type of tool may be useful for determining
which ecosystems need to have more monitoring for potential eutrophication problems.
However, it does not consider other controls on algal growth such as grazing pressure or
dilution and volume of the ecosystem under study. These are important considerations
when investigating eutrophication potential in coastal ecosystems. Cloem°s method
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also relies on comprehensive data-sets for information on nutrients and light. Although
nutrient information is routinely collected by water monitoring organisations light data
may be harder to come by.
Over the last decade the U.S. National Oceanic and Atmospheric Administration
(NOAA) have been developing a method for assessing the susceptibility of coastal
ecosystems to eutrophication (National Research Council, 2000). This method uses a
regression of ushing against dilution to indicate how susceptible an ecosystem is to
eutrophication. Estuaries that have high dilution rates and are well ushed are not
generally susceptible to eutrophication as algal biomass can be rapidly dispersed by
water movements and does not accumulate in the ecosystem. They have tested their
model on 138 estuaries and found that it was a accurate predictive tool for 85% of the
ecosystems studied. The ushing versus dilution regression measures the estuarine
export potential' (EXP) which indicates the relative capacity of estuaries to dilute/flush
DAIN. A second regression is then carried out for nitrogen load versus EXP to
determine the trophic status of the waters. The nitrogen load consists of all the known
inputs into the system. The procedure would appear to be analogous to the CSTT
model's equation used to determine whether an ecosystem is potentially hypernutrified
except that the NOAA method is not quantitative, it can only categorise. The CSTT
model would seem to be an improvement on the EXP model as it takes the concept
further by predicting how much potential chlorophyll could be produced if all DAIN
was tumed into algal biomass. I addition it is quantitative and is therefore a more
useful tool.
5.1.4 Conclusion
For the Firth of Forth Xmax estimated using the original CSTT q and the new Day 8 q
values were very similar. Day 8 q is regulated by nutrient limitation and protozoan
grazing and thus includes an ecosystem response to enrichment. Day 8 q would seem to
be the most appropriate value for use in the CSTT model because it is representative of
typical coastal waters in Summer when microbial loop processes are dominant and are
regulating algal biomass. It is, however, suggested that Max q values are used in the
model in coastal waters that contain fish farms and shellfisheries if hypemutrification is
persistent, as conditions conducive to HABs may occur. The use of separate values of q
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for ammonium and nitrate inputs into the Firth of Foth should have resulted in a more
accurate calculation of Xmax using the new yield values. This may prove important
because some ecosystems receive more of their inputs in the form of nitrate (typically
non-point sources) whereas others receive more in the form of ammonium (point
sources). The CSTT model using q seems to be a useful quantitative method of
predicting possible eutrophication in coastal waters compared to some of the methods
used in Europe and the U.S.
5.2 Suggestions for Further Experiments
The results of this study suggest that there is a need for further investigation into the
relationship between DAIN and chlorophyll a, in particular two important aspects of q
need to be explored in more detail:
0 What is causing differences between q obtained from nitrate additions and q obtained
from ammonium additions? 4
0 What is controlling the decline in q after an enrichment event, nutrient limitation or
grazing?
5.2.1 An Investigation into the Eutrophication Potential of
Ecosvstems Receiving Either Ammonium or Nitrate as their
Major Source of DAIN
5.2.1.1 Rationale
During the Summer and Autumn Experiments there were differences in q depending on
whether DAIN enrichment consisted of ammonium or nitrate. Section 4.4 discussed
what might be causing this effect including artefacts produced due to sampling only
taking place every 2 days. It is possible that during the Summer and Autumn
Experiments phytoplankton assigned more nitrogen to chlorophyll a production as the
dominant species present were not able to store as much nitrogen as the dominant
species in the Spring Experiments (see section 4.2). Alternatively, ammonium is
assimilated faster than nitrate which has to undergo two reduction reactions to convert it
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into ammonium. I ammonium produced a very rapid synthesis of chlorophyll a it may
have been missed during the two day gap between samples after enrichment.
Chlorophyll a may actually have been declining by Day 2 in ammonium enriched
microcosms, whereas it may have been at its peak in nitrate enriched microcosms due to
the delay in assimilation. Another theory is that the difference between ammonium and
nitrate q may have been due to bacteria competing with algae for ammonium as the
nutrient status of waters was oligotrophic prior to enrichment in Summer and Autumn
Experiments.
It is necessary to discover why q varies when DAIN is supplied in different forms as this
could have important consequences for water quality monitoring. I inputs of DAIN
into a Coastal ecosystem are predominantly ammonium the potential for eutrophication
in hypernutrified waters may not be as great as in ecosystems that receive most of their
DAIN in the form of nitrate because some of it might go into bacterial production during
the Summer. The CSTT model considers waters to be eutrophic if maximum
chlorophyll a (Xmx) regularly exceeds 10 mg m`3 during the Summer so this is a very
important consideration.
5.2.1.2 Experimental Overview
Laboratory based microcosms containing natural assemblages of Summer
microplankton (< 200 m) in diameter would be enriched with the following sources of
DAIN:
0 12 M nitrate
0 12 M ammonium
0 6 M nitrate and 6 M ammonium
Continuous culture techniques would be used to run the experiments for 3 weeks with a
dilution rate of 0.2 d`l. This length of time should give the microplankton the
opportunity to reach an approximate steady state (this study and that of Jones et al.
(1978) show that a semi-steady state can be reached by natural assemblages of
microplankton) to determine whether values of q stabilise at similar values under the
three treatments. The time taken to reach steady state can be defined as the time for an
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original concentration to be diluted to e`3 = 0.05. This is 3/D days, where D = the
dilution rate.
For the first 4 days after enrichment sampling for nutrients, chlorophyll a and PN would
need to take place twice a day so that any rapid changes in q were not missed, thereafter
samples would be taken every day. Any changes in the community composition would
be observed by identifying and enumerating organisms in a similar manner to the
present study every two days.
The present study used microplankton from a relatively oligotrophic environment but it
may be useful to carry out this new study in a more hypernutrified location. Some areas
of the Firth of Forth are prone to hypemutrified conditions and may be likely candidates.
One year's funding would be necessary for the completion of this project.
5.2.2 An Investigation into Causes of the Declíne in q After an
Enrichment Event
5.2.2.1 Rationale
Potential causes of the decline in q during Transition Phase [ were discussed in section
4.1.2. Nutrient limitation was undoubtedly occurring as the cell quota decreased to the
subsistence quota for nitrogen after the initial enrichment had been utilised by
phytoplankton (see section 4.1.2.1). Nutrient limitation seemed to result in reallocation
of nitrogen away from chlorophyll a synthesis to other functions (perhaps enzyme
uptake site production) in algal cells this would presumably maximise their growth rate
under changing environmental conditions (see section 4.5). I addition to this
ecophysiological effect, grazing pressure also seemed to be aiding in the removal of
chlorophyll a from phytoplankton (see section 4.1.2.2).
It is important to gain a better understanding of the potential impact of each of these two
processes on q. I bottom-up control of q is the most important factor then ecosystems
that have more persistent hypernutrification may be more prone to eutrophication,
however, if top-down control by microplankton grazers proves to be a strong remover of
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chlorophyll a after it has been synthesised then this may not be the case. In order to
determine the relative importance of these two effects it is necessary to find a way to
separate them out from each other.
5.2.2.2 Experimental Overview
This investigation would be divided into two components. Firstly, monoculture studies
could be used to study the effects of nutrient limitation on the dominant phytoplankton
found in the natural assemblages used during the present study during the Summer. I
this way grazers, parasites and bacteria would be removed from the equation so that the
effects of nutrient limitation could be studied on their own. Excluding bacteria and
protozoa would of course preclude the alleviation of nutrient limitation through
regenerated nitrogen. A patial solution to this could be to try to isolate bacteria present
in seawater samples from the study site and seed the cultured phytoplankton with them.
Secondly, an experiment similar to one of those carried out during the present study
could be undertaken manipulating the nutrient inputs into the reactor so that nutrient
limitation did not occur.
5.2.2.2.1 Monoculture Studies
The CSTT screening model uses Summer values of nutrients in order to predict
potential eutrophication in a zone b coastal region, therefore it would be useful to carry
out a monoculture experiment, using phytoplankton that were dominant during Summer
at the study site location. Treatments would be as follows:
0 14 M nitrate
0 14 M ammonium
These would simulate hypernutrified. Three duplicates of each treatment could be
carried out which would be better for statistical analysis. Experiments could run for 3
weeks using continuous culture techniques.
For the first 4 days after enrichment sampling would take place twice a day for nutrients,
chlorophyll a and PN so that any rapid changes in q were not missed, thereafter samples
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would be taken every day. Phytoplankton would be identified and enumerated every
two days.
5.2.2.2.2 Microplankton Studies
Microcosm experiments using natural microplankton assemblages should ideally be
carried out during the Summer to be applicable to the CSTT screening model. I order
to create steady state nutrient replete conditions throughout the course of the experiment
it is necessary to increase the concentration of nutrients in the reservoir. The dilution
rate will be kept at 0.2 d`l but concentrations of nutrients in the reservoirs will be 5
times the initial concentration of total nitrogen in the reactors. Total nitrogen is taken to
be DAIN and PN at the beginning of each experiment. This should, in theory, keep the
microplankton community in quasi-steady state at high nutrient levels so that the effect
of grazing on q can be observed. The treatments would be as follows:
0 Enrichment with 14 M d" ammonium
0 Enrichment with 14 M d`1 nitrate
The treatments would produce hypemutrified conditions for the microplankton
assemblage in the reactors. Three duplicates of each treatment could be carried out.
Experiments could mn for 3 weeks using continuous culture techniques.
For the first 4 days after enrichment sampling would need to take place twice a day for
nutrients, chlorophyll a and PN so that any rapid changes in q were not missed,
thereafter samples would be taken every day. Any changes in the community
composition would be observed by identifying and enumerating organisms in a similar
manner to the present study every two days.
The present study used microplankton from a relatively oligotrophic environment but it
may be useful to carry out this new study in a more hypemutrified location. Some areas
of the Firth of Foth are prone to hypemutrified conditions and may be likely candidates.
One years funding would be necessary for the completion of this project.
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5.3 Achievement of Aíms and Objectives and Original
Contribution to Science
5.3.1 Introduction
The aims of this thesis were two-fold:
1. To gain a better understanding of the relationship between DAIN and the
formation/removal of chlorophyll a in coastal marine microplankton.
2. To provide improved estimates of the chlorophyll a yield from nitrogen under a range
of conditions including Waters with high nutrient loadings.
These aims were achieved through the fulfilment of several objectives set out in section
1.10 which are discussed individually in sections 5.3.2 - 5.3.6. An overall assessment of
what has been leamed during this study and the original. contribution to science is
covered in section 5.3.7.
5.3.2 What Happens to after an Enríchment Event?
I response to an enrichment event phytoplankton appear to allocate much of their
intemal nitrogen to pigment synthesis producing high values of q. As nitrogen becomes
limiting q declines. An increase in protozoan grazing in response to enhanced
phytoplankton biomass assists in the decline of q, as may parasitism by heterotrophic
nanoagellates.
The change in q during and after an enrichment event can be divided into three phases:
Phase I - the bloom period, the duration of which will depend on how long conditions
remain hypemutrified and how effectively the growth rate of phytoplankton can be
controlled by other factors such as grazing, light or dispersion, during this phase q will
be at its highest (Max q) ; Phase I - the transition period, this occurs as the bloom
declines, during this phase q will decline; Phase II - the post-bloom period, q reaches a
level at which it can stabilise (Day 8 q).
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Phytoplankton have a physiological response to their environment. When DAIN
concentrations are high in the surounding environment cells appear to allocate
particulate nitrogen to pigment synthesis to maximise photosynthesis and cell division,
but as DAIN decreases in the extemal environment and cells become nitrogen limited
particulate nitrogen may be diverted to other functions and does not get reallocated back
to chlorophyll synthesis until the N:C ratio has risen above the subsistence level for
chlorophyll synthesis.
The partitioning of nitrogen will change temporally after an enrichment event. After
enrichment DAIN is rapidly taken up by phytoplankton and allocated to pigment
production and so most of the nitrogen is in the autotrophs. As the bloom declines and
protozoan grazer numbers increase there is a transfer of nitrogen from the autotrophs
into the heterotrophs with a concomitant decline in q. Increased grazing and algal death
leads to an increase in DON and an elevated abundance of bacteria which may
encourage a strong microbial food web community to become established helping to
stabilise q at a lower value after an enrichment event.
It was not possible to separate out the effects of grazing from nitrogen limitation during
this study and it is suggested that further experimentation is needed with either grazing
or nutrient limitation controlled so that their relative importance can be assessed after an
enrichment event.
5.3.3 Does q Change Seasonallv?
It appeared that q changed seasonally with highest values occurring in response to
nitrate enrichment during the Autumn Experiment and lowest values occurring in
response to ammonium enrichment during the Summer Experiment. The seasonal
variation in q would appear to be due to phytoplankton having a physiological response
to changing environmental conditions such as light, temperature and background
nutrients combined with changing community structure which may affect grazing
pressure and algal nitrogen storage capacity. Increases in irradiance (below photo-
oxidation levels) can cause a decrease in chlorophyll a synthesis. Lower temperatures
can result in less chlorophyll a production by phytoplankton. The trophic status of
coastal waters can determine the physiological response of phytoplankton to inputs of
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DAIN, for instance, if background nutrients are low as in the Summer then DAIN will
be taken up very fast and converted to chlorophyll as phytoplankton appear to assign
more nitrogen to uptake sites under oligotrophic conditions. It is difficult to separate
out these physiological responses to changing environmental conditions from each other
and interactions between them may be complex.
5.3.4 Does Nitrogen Species Affect q ?
There were differences in q depending on whether ammonium or nitrate was used as the
source of DAIN, especially during the Summer and Autumn Experiments, ANOVA
analysis indicated that there may have been an interaction between season and treatment
(although this was only the case using the TRI/DAIN method of estimating Max q).
During these two experiments additions of DAIN in the form of ammonium produced
less chlorophyll a which is counter-intuitive a less energy is needed to convert
ammonium to glutamate and ammonium enrichment may have been expected to result
in larger quantities of chlorophyll a being synthesised compared to nitrate enrichment.
It is possible that when trophic status of the receiving waters are oligotrophic bacteria
can successfully compete with algae for ammonium resulting in less DAIN being
available to phytoplankton for chlorophyll a synthesis. Altematively, sampling only
took place every 2 days and a rapid response to ammonium might have been missed. It
is suggested that more research is needed to clarify what caused the two forms of DAIN
to produce such different values of q during the experiments carried out during the
Summer and Autumn. It is suggested that further experimentation is needed to clarify
what is causing these differences to occur.
5.3.5 Does the Methodology used to Estimate q Affect its Value?
The method used to determine chlorophyll a affected q with highest values occurring
using the trichromatic equations of Jeffrey and Humphrey (1975) and the lowest using
HPLC analysis. This is due to breakdown pigments being included in chlorophyll
estimates produced by the spectrophotometric methods. It is suggested that the
acidification method of Lorenzen (1967) is the best method for routine measurement of
chlorophyll a in coastal ecosystems as it separates out pheopigments. However, this
method does not separate out chlorophyllide a from chlorophyll and if a separate
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estimate of these two pigments is required then HPLC techniques must be used.
Chlorophyllide a may be an atefact of the method of concentrating the sample prior to
analysis in which case it may be more accurate to combine the concentrations of
chlorophyll a and chlorophyllide a if HPLC analysis is used.
When particulate nitrogen (PN) was used instead of DAH\I to calculate q values were
often higher. Some of this discrepancy could have been an artefact of the sampling
regime (every 2 days), however, after the bloom PN decreased and it would seem most
likely that increased grazing pressure and cell death was resulting in increased DON
production. This would cause overestimates in the calculation of q using PN which
would become more drastic as DON increased. I addition, some of the PN present will
be in heterotrophs not autotrophs. It would therefore appear that following the decrease
of a known enrichment of DAIN over time and measuring the chlorophyll synthesised in
response to it is the best technique for calculating q. -
5.3.6 Refined Values of q for use in the CSTT Screening Model
Currently only one value of q is used to calculate maximum chlorophyll a that could be
produced in response to inputs of DAIN in the CSTT screening model used to predict
potential eutrophication problems in UK waters. Values of q have been produced
during this study that could be used to refine the CSTT screening Model. It is suggested
that Day 8 q is used to calculate maximum chlorophyll a production as it takes into
account ecosystem processes that can regulate q such as protozoan grazing pressure.
The use of Max q is suggested when DAIN is consistently hypemutrified in sensitive
areas such as those containing shellfisheries. The rationale for this suggestion is that if
hypemutrified conditions prevail over long periods of time environmental factors may
become conducive to harmful algal blooms (HABS) which often cannot be controlled by
grazing and can persist in the environment.
This study has identified that significant differences in q occurred during the Summer
and Autumn Experiments depending on whether nitrate or ammonium was used to
enrich microcosms, this may have important implications for water quality monitoring.
However, for the present it is suggested that only the nitrate values are used until further
investigations can clarify why these differences occurred.
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5.3.7 Original Contribution to Science
A better understanding of what processes may affect q has been obtained through the
use of microcosm studies. It is now clear that q is dependent on both the
ecophysiological response of algae to their changing environmental conditions and the
ecosystem response to blooms that may result in, for example, an increased protozoan
abundance that can remove chlorophyll through grazing. The results of the study
suggest that q decreases from a peak after an enrichment event (Max q) to a lower more
stable value (Day 8 q). q is variable depending on season and whether DAIN is present
as ammonium or nitrate. The method used to estimate chlorophyll a also affects the
value of q. All of these factors need to be taken into account if q is to be used to predict
potential eutrophication in coastal Waters. For this reason several new values of q have
been provided for use in the CSTT screening model.
The study has also improved and developed the microcosm methodology used by Jones
er al. (1978) who used a similar microcosm set-up to study microplankton responses to
phosphate additions. Firstly, during this study nitrate and ammonium were used as
treatments to simulate enrichment of coastal waters, showing that the type of nitrogen
species present in inputs can affect the value of q. Secondly, the experimental results
have shown that duplicate treatments can be carried out using microcosms which
provide good enough reproducibility so that significant differences between treatments
can be observed. Thirdly, time series experiments carried out during several seasons
using microplankton collected from the same ecosystem allowed seasonal differences in
q to be determined as well as interaction between treatments and season to be observed.
This would appear to be the first time laboratory based microcosms have been used to
study q after a controlled enrichment event using continuous culture techniques and the
results have shown that microcosms should be considered useful tools in the study of
microplanktonic responses to enrichment in coastal ecosystems.
®_w_
:tom vs :E mg U6 %_2 E wâ_"_
283
REFERENCES
Agusti, S., Satta, M.P., Mura, M.P. and Benavent, E. (1998). Dissolved esterase
activity as a tracer of phytoplankton lysis: Evidence of high phytoplankton
lysis rates in the northwestem Mediterranean. Limnology and Oceanography
43(8), 1836-1849.
Alliger, H., Oct. 1975. Ultrasonic Disruption, American Laboratory.
Alpine, A.E. and Cloem, J .E. (1992). Trophic interactions and direct physical effects
control phytoplankton biomass and production in an estuary. Limnology and
Oceanography 37, 946-955.
Andersen, P. and Fenchel, T. (1985). Bacteriovory by microheterotrophic agellates
in seawater samples. Limnology and Oceanography 30, 198-202.
Andersen, P. and Sorensen, H.M. (1986). Population dynamics and trophic coupling
in pelagic microorganisms in eutrophic coastal Waters. Marine Ecology
Progress Series 33, 99-109.
Anderson, D.M. (1989). Toxic algal blooms and red tides: a global perspective. In
Red Tides: Biology, Environmental Science and Toxicology (T. Okaichi, D.M
Anderson and T. Nemotos, eds.), pp. 3-9. 1st ed. Elsevier.
Azam, F. et al. (1983). The ecological role of water-column microbes in the sea.
Marine Ecology Progress Series 10, 257-263.
Azam, F. and Smith, J .G. (1991). Bacterial influence on the variability in the ocean's
biogeographical state: a mechanistical view. In Particle analysis in
oceanography (S. Demerss, eds.), pp. 213-236. 1st ed. Springer Verlag,
Berlin.
Balls, P.W., Macdonald, A., Pugh, K. and Edwards, A.C. (1995). Long-term nutrient
enrichment of an estuarine system: Ythan, Scotland (1958-1993).
Environmental Pollution 90, 31 1-321.
Baretta-Bekker, J .G., Baretta, J.W. and Rasmussen, E.K. (1995). The microbial food
web in the European regional seas ecosystem model. Netherlands Journal of
Sea Research 33(3-4), 363-379.
284
Barlow, R.G., Burkill, P.H. and Mantoura, R.F.C. (1988). Grazing and degradation of
algal pigments by the marine protozoan Oxyrrhis marina. Journal of
Experimental Biology and Ecology 119, 119-129.
Barlow, R.G., Collos, Y., Maestrini, S.Y. and Roy, S. (1990). Intercomparison of
spectrophotometry and HPLC for estimating microphytobenthic pigment
biomass in salt marsh ponds. Marine Microbial Food Webs 4, 117-128.
Berg, G.M., Glibert, P.M., Lomas, M.W. and Burford, M.A. (1997). Organic nitrogen
uptake and growth by the chrysophyte Aureococcus anophageerens during a
brown tide event. Marine Biology l29(2), 377-387.
Berges, J .A. (1997). Algal nitrate reductases. European Journal ofPhycology 32, 3-8.
Berman, T. and Chava, S. (1999). Algal growth on organic compounds as nitrogen
sources. Journal of Plankton Research 21(8), 1423-1437.
Bhovichitra, M. and Swift, E. (1977). Light and dark uptake of nitrate and ammonium
by large oceanic dinoagellates: Pyrocystis noctiluca, Pyrocystisfusformis
and Dissodinium lunula. Limnology and Oceanography 22, 73-83.
Bianchi, T.S., Lambert, C. and Biggs, D.C. (1995). Distribution of chlorophyll a and
phaeopigments in the nothwestern Gulf of Mexico: A comparison between
uorometric and high-performance liquid chromatography measurements.
Bulletin ofMarine Science 56(1), 25-32.
Blackburn, T.H. (1979). Method for measuring rates of NH4 tumover in anoxic
marine sediments, using a 15N-NH4 dilution technique. Applied Environmental
Microbiology 37, 760-765.
Bock, M.T., Miller, B.S. and Bowman, A.W. (1999). Assessment of eutrophication in
the Firth of Clyde: analysis of coastal water data from 1982 to 1996. Marine
Pollution Bulletin 38(3), 222-231.
Bode, A., Varela, M., Canle, M. and González, N. (2001). Dissolved and particulate
organic nitrogen in shelf waters of nothern Spain during spring. Marine
Ecology Progress Series 214, 43-54.
Bokn, T., Berge, J.A., Green, N. and Rygg, B. (1990). Invasion of the planktonic
algae Chrysochromulina polylepis along South Norway in May-June 1988.
Acute effects on biological communities along the coast. In Eutrophication
285
and algal blooms in North Sea coastal zones, the Baltic and adjacent areas:
prediction and assessment ofpreventive actions (C. Lancelot, G. Billen and H.
Barths, eds.), pp. 183-193. Commission of the Communities, Water Pollution
Research Report, Brussels.
Borkman, D.G. and Tumer, J .T. (1993). Plankton studies in Buzzards Bay,
Massachusetts, USA. II. Nutrients, chlorophyll a and phaeopigments, 1987 to
1990. Marine Ecology Progress Series l00(1-2), 27-34.
Borum, J. and Sand-Jensen, K. (1996). Is total primary production in shallow coastal
marine Waters stimulated by nitrogen loading? Oikos 76(2), 406-410.
Bratbak, G., Egge, J .K. and Heldal, H. (1993). Viral mortality of the marine alga
Emiliania huxleyi (Haptophyceae) and termination of algal blooms. Marine
Ecology Progress Series 93, 39-48.
Bricker, S.B. and Stevenson, J .C. (1996). Nutrients in coastal waters: A chronology
and synopsis of research. Estuaries 19, 337-341.
Brockmann, U.H., Laane, R.W.P.M. and Postma, H. (1990). Cycling of nutrient
elements in the North Sea. Netherlands Journal ofSea Research 26, 239-264.
Brooks, P.D., Stark, J .M., Mclnteer, B.B. and Preston, T. (1989). Diffusion method to
prepare soil extracts for automated nitrogen-15 analysis. Soil Science Society
ofAmerica Journal 53, 1707-1711.
Brussaard, C.P.D., Brookes, R., Noordeloos, A.A.M. and Riegman, R. (1998).
Recovery of nitrogen-starved cultures of the diatom Ditylum brightwellii
(Bacillariophyceae) upon nitrogen resupply. Journal ofExperimental Marine
Biology ana' Ecology 227(2), 237-250.
Brussaard, C.P.D., Gast, G.J., van Duyl, F.C. and Riegman, R. (1996). Impact of
phytoplankton bloom magnitude on a pelagic microbial food web. Marine
Ecology Progress Series 144, 21 1-221.
Brussaard, C.P.D., Noordeloos, A.A.M. and Riegman, R. (1997). Autolysis kinetics of
the marine diatom Ditylum brightwellii (Bacillariophyceae) under limitation
and starvation of nitrogen and of phosphorus. Journal ofPhycology 33(6),
980-987.
286
Brussaard, C.P.D. et al. (1995). Effects of grazing, sedimentation and phytoplankton
cell lysis on the structure of a coastal pelagic food web. Marine Ecology
Progress Series 123(1-3), 259-271.
Burkill, P.H., Mantoura, R.F.C., Llewellyn, C.A. and Owens, N.J.P. (1987).
Microzooplankton grazing and selectivity of phytoplankton in coastal waters.
Marine Biology (Berlin) 93(4), 581-590.
Bury, S.J., Owens, N.J. and Preston, T. (1995). BC and 15N uptake by phytoplankton
in the marginal ice zone of the Bellingshausen Sea. Deep-Sea Research Part II
Topical Studies in Oceanography 42(4-5), 1225-1252.
Cabrita, M.T., Catarino, F. and Slawyk, G. (1999). Interactions of light, temperature
and inorganic nitrogen in controlling planktonic nitrogen utilisation in the
Tagus estuary. Aquatic Ecology 33(3), 251-261.
Cadée, G.C. and Hegemann, J. (1986). Seasonal and annual variation in Phaeocystis
poachetii (Haptophyceac) in westemmost inlet of the Wadden Sea during the
1973 to 1985 period. Netherlands Journal ofSea Research 20, 29-36.
Calbet, A. and Landry, M.R. (1999). Mesozooplankton inuences on the microbial
food web: direct and indirect trophic interactions in the oligotrophic open
ocean. Limnology and Oceangraphy 44, 1370-1380.
Caperon, J. (1968). Population growth response of Isochrysis galbana to nitrate
variation at limiting concentrations. Ecology 49, 866-873.
Caperon, J. (1969). Time lag in population growth response of Isochrysís galbana to
a variable nitrate environment. Ecology 50, 188-194.
Caperon, J. and Meyer, J. (1972). Nitrogen-limited growth of marine phytoplankton.
1. Changes in population characteristics with steady-state growth rate. Deep
Sea Research 19, 601-618.
Caperon, J _, Schell, D., Hirota, J. and Laws, E. (1979). Ammonium excretion rates in
Kaneohe Bay, Hawaii, measured by a 15N isotope dilution technique. Marine
Biology 54, 33-40.
Carlsson, P., Edling, H. and Bechemin, C. (1998). Interactions between a marine
dinoflagellate (Alexandrium catanella) and a bacterial community utilizing
riverine humic substances. Aqaatic Microbial Ecology 16(l), 65-80.
287
Carlsson, P. and Graneli, E. (1993). Availability of humic bound nitrogen for coastal
phytoplankton. Estuarine Coastal ShelfScience 36(5), 433-447.
Carlsson, P., Graneli, E., Tester, P. and Boni, L. (1995). Inuences of riverine humic
substances on bacteria, protozoa, phytoplankton, and copepods in a coastal
plankton community. Marine Ecology Progress Series 127(1-3), 213-221.
Caron, D.A., Goldman, J .C. and Dennett, M.R. (1988). Experimental demonstration
of the roles of bacteria and bacterivorous protozoa in plankton nutrient cycles.
Hydrobiologia 159, 27-40.
Cleveland, J .S. and Perry, M.J. (1987). Quantum yield, relative specific absorption
and uorescence in nitrogen-limited Chaetoceros gracilis. Marine Biology
94(4), 489-497.
Cloem, J .E. (1999). The relative importance of light and nutrient limitation of
phytoplankton growth: a simple index of coastal ecosystem sensitivity to
nutrient enrichment. Aquatic Ecology 33, 3-16.
Cloem, J .E., Grenz, C. and Vidergar-Lucas, L. (1995). An empirical model of the
phytoplankton chlorophyllcarbon ratio - the conversion factor between
productivity and growth rate. Limnology and Oceanography 40(7), 1313-1321
Coleman, L.W., Rosen, B.H. and Schwartzbach, S.D. (1988). Environmental control
of carbohydrate and lipid synthesis in Euglena. Plant Cell Physiology 29, 423-
432.
Collos, Y., Siddiqi, M.Y., Wang, M.Y., Glass, A.D.M. and Harrison, P.J. (1992).
Nitrate uptake kinetics by two marine diatoms using the radioactive tracer 13N.
Journal ofExperimental Marine Biology and Ecology 163, 251-260.
Collos, Y. and Slawyk, G. (1979). 13C and 15N uptake by marine phytoplankton. I.
Influence of the nitrogen source and concentration in laboratory cultures of
marine diatoms. Journal ofPhycology 15, 186-190.
Conover, R.J., Durvasula, R., Roy, S. and Wang, R. (1986). Probable loss of
chlorophyll-derived pigments during passage through the guts of zooplankton,
and some of the consequences. Limnology and Oceanography 31, 878-887.
288
CSTT (1994). Comprehensive studies for the purposes of Article 6 of DIR 91/271
EEC, the Urban Waste Water Treatment Directive. Report published for the
Comprehensive Studies Task Team of Group Coordinating Sea Disposal
Monitoring by the Forth River Purification Board, Edinburgh, Scotland.
CSTT (1997). Comprehensive studies for the purposes of Article 6 of DIR 91/271
EEC, the Urban Waste Water Treatment Directive. Report published for the
Comprehensive Studies Task Team of Group Coordinating Sea Disposal
Monitoring by the Forth River Purification Board, Edinburgh, Scotland.
Cuddington, K. and Leavitt, P.R. (1999). Canadian Journal of Fisheries and Aquatic
Sciences. 56 10, 1964-1977.
Currie, R.I. (1962). Pigments in zooplankton faeces. Nature 193, 956-957.
Davidson, K., Wood, G., John, E.H. and Flynn, K.J. (1999). An investigation of non-
steady-state algal growth. I. An experimental model ecosystem. Journal of
Plankton Research 2l(5), 811-837.
Davies, A.G. and Sleep, J .A. (1989). The photosynthetic response of nutrient-depleted
dilute cultures of Skeletonema costatum to pulses of ammonium and nitrate,
the importance of phosphate. Journal ofPlankton Research 1l(1), 141-164.
Davies, P.G., Caron, D.A., Johnson, P.W. and Sieburth, J .M. (1985). Phototrophic and
apochloric components of picoplankton and nanoplankton in the North
Atlantic: geographical, vertical, seasonal and diel distributions. Marine
Ecology Progress Series 21, 15-26.
Dickson, M.-L. and Wheeler, P.A. (1995). Nitrate uptake rates in a coastal upwelling
regime: A comparison of PN-specific, absolute, and Chl a-specific rates.
Limnology and Oceanography 40, 533-543.
Dodge, J .D. (1982). Marine Dinoagellates of the British Isles. Her Majesty's
Stationery Office, London.
Dortch, Q. (1982). Effect of growth conditions on accumulation of intemal pools of
nitrate, ammonium, amino acids and protein in three marine diatoms. Journal
ofExperimental Marine Biology and Ecology 61, 243-264.
Dortch, Q. (1990). The interaction between ammonium and nitrate uptake in
phytoplankton. Marine Ecology Progress Series 61, 183-201.
289
Dortch, Q. (1991). Shon-term interaction between nitrate and ammonium uptake in
Thalassiosira pseudonana: effect of preconditioning nitrogen source and
growth rate. Marine Biology 110, 183-193.
Dortch, Q., Clayton, J .R., Thoresen, S.S. and Ahmed, S.I. (1984). Species differences
in accumulation of nitrogen pools in phytoplankton. Marine Biology 81(3),
237-250.
Dortch, Q. et al. (1985). Nitrogen storage and use of biochemical indices to assess
nitrogen deficiency and growth rate in natural plankton populations. Journal of
Marine Research 43, 437-464.
Dring, M.J _ (1982). The sea as an environment for plant growth. In The Biology of
Marine Plants, pp. 14. 1st ed. Cambridge University Press, Cambridge.
Dring, M.J. (1990). Light harvesting and pigment composition in marine
phytoplankton and macroalgae. In Light ana' Life in the Sea (P.J. Herring, A.K.
Campbell, M. Whitfield and L. Maddocks, eds.), pp. 89-103. 1st ed.
Cambridge University Press, Cambridge.
Droop, M.R. (1968). Vitamin B12 and marine ecology. IV. The kinetics of uptake,
growth and inhibition in Monochrysis lutheri. Journal of the Marine
Biological Association of the United Kingdom 48, 689-733.
Droop, M.R. (1983). 25 years of algal growth kinetics. Botanica Marina 26, 99-112.
Dugdale, R.C. and Goering, J .J . (1967). Uptake of new and regenerated forms of
nitrogen in primary productivity. Limnology and Oceanography 12, 196-206.
Egge, J .K. (1998). Are diatoms poor competitors at low phosphate concentrations?
Journal ofMarine Systems l6(3-4), 191-198.
Egge, J.K. and Aksnes, D.L. (1992). Silicate as regulating nutrient in phytoplankton
competition. Marine Ecology Progress Series 83, 281-289.
Egge, J .K. and Jacobsen, A. (1997). Inuence of silicate on particulate carbon
production in phytoplankton. Marine Ecology Progresss Series 147(1-3), 219-
230.
Elbrächter, M. (1991). Food uptake mechanisms in phagotrophic dinoagellates and
classification. In The biology offree-living heterotrophicagellates (D.J.
Patterson and J. Larsens, eds.), pp. 303-312. Clarendon Press, Oxford.
290
Eppley, R.W. and Peterson, B.J. (1979). Paticulate organic matter ux and
planktonic new production in the deep ocean. Nature 282, 677-680.
Escaravage, V., Prins, T.C., Smaal, A.C. and Peeters, J .C.H. (1996). The response of
phytoplankton communities to phosphorus input reduction in mesocosm
experiments. Journal ofExperimental Marine Biology and Ecology 198(l),
55-79.
Everest, S.A., Hipkin, C.R. and Syrett, P.J. (1986). Enzyme activities in some marine
phytoplankters and the effect of nitrogen limitation on nitrogen and carbon
metabolism in Chlorella stigmatophora. Marine Biology (Berlin) 90(2), 165-
172.
Falkowski, P.G. (1983). Enzymology of nitrogen assimilation. In Nitrogen in the
Marine Environment (E.J. Carpenter and D.G. Capones, eds.), pp. 839-868. lst
ed. Academic Press, New York.
Flynn, K.J. and Berry, L.S. (1999). The loss of organic nitrogen during marine
primary production may be significantly overestimated when using N15
substrates. Proceedings of the Royal Society ofLondon Series B-Biological
Sciences 266, 641-647.
Flynn, K.J. and Fasham, M.J.R. (1997). A short version of the ammonium-nitrate
interaction model. Journal ofPlankton Research 19, 1881-1897.
Flynn, K.J., Fasham, M.J.R. and Hipkin, C.R. (1997). Modelling the interactions
between ammonium and nitrate uptake in marine phytoplankton.
Philosophical transactions of the Royal Society ofLondon Series B -
Biological Sciences 352, 1625-1645.
Fuller, A.K.R. (1990). The grazing and growth rates of some marine protozoa
measured in batch and continuous culture with particular reference to the
heterotrophic dinoflagellate Oxyrrhís marina. PhD thesis Thesis, University of
London (Department of Biology, Royal Holloway and Bedford New College),
London.
Furnas, M.J. (1983). Nitogen dynamics in lower Narragansett Bay, Rhode Island. 1.
Uptake by size-fractionated phytoplankton populations. Journal ofPlankton
Research 5(5), 657-676.
291
Geider, R.J. (1987). Light and temperature dependence of the carbon to chlorophyll a
ratio in microalgae and cyanobacteria implications for physiology and growth
of phytoplankton. New Phytologist l06(l), 1-34.
Geider, R.J., Macintyre, H.L. and Kana, T.M. (1996). A dynamic model of
photoadaptation in phytoplankton. Limnology and Oceanography 41(1), 1-15.
Geider, R.J., Macintyre, H.L. and Kana, T.M. (1997). Dynamic model of
phytoplankton growth and acclimation: Responses of the balanced growth rate
and the chlorophyll azcarbon ratio to light, nutrient limitation and temperature.
Marine Ecology Progress Series 148(1-3), 187-200.
Glibert, P.M. (1982(a)). Regional studies of daily, seasonal, and size fraction
variability in ammonium remineralization. Marine Biology 70, 209-222.
Glibert, P.M., Biggs, D.C. and McCarthy, J .J . (1982(b)). Utilization of ammonium
and nitrate during austral summer in the Scotia Sea. Deep Sea Research 29,
837-850.
Glibert, P.M., Dennett, M.R. and Caron, D.A. (1988). Nitrogen uptake and NH4+
regeneration by pelagic microplankton and marine snow from the North
Atlantic. Journal ofMarine Research 46, 837-852.
Glibert, P.M., Lipschultz, F., McCarthy, J .J . and Altabet, M.A. (1982(c)). Isotope
dilution models of uptake and remineralization of ammonium by marine
plankton. Limnology and Oceanography 27, 639-650.
Goericke, R. and Welschmeyer, N.A. (1992). Pigment tumover in the marine diatom
Thalassiosira-weissogii I. The carbon-14 labelled carbon dioxide labelling
kinetics of chlorophyll a. Journal ofPhycology 28(4), 498-507.
Goldman, J.C. and Glibert, P.M. (1983). Kinetics of inorganic nitrogen uptake by
phytoplankton. In Nitrogen in the Marine Environment (E.J. Carpenter and
D.G. Capones, eds.), pp. 233-274. lst ed. Academic Press, New York.
Goldman, J .C. and McCarthy, J .J . (1978). Steady state growth and ammonium uptake
of a fast-growing marine diatom. Limnology and Oceanography 23, 695-703.
Goldman, J .C., McCarthy, J .J _ and Peavey, D.G. (1979). Growth rate inuence on the
chemical composition of phytoplankton in oceanic waters. Nature 279, 210-
215.
292
Gowen, R., Lewis, J. and Bullock, A.M., 1982. A agellate bloom and associated
mortality of farmed trout and salmon in Upper Loch Etive. 71, Scottish Marine
Biological Association, Oban.
Gowen, R.J. (1981). The primary stages of chlorophyll-a breakdown in sea-loch
phytoplankton and cultured algae. PhD thesis Thesis, University of
Strathclyde, Glasgow.
Gowen, R.J., McCul1ough, G., Kleppel, G.S., Houchin, L. and Elliott, P. (1999). Are
copepods important grazers of the spring phytoplankton bloom in the westem
Irish Sea? Journal ofPlankton Research 21(3), 465-483.
Gowen, R.J., Tett, P. and Jones, K.J. (1992). Predicting marine eutrophication: the
yield of chlorophyll from nitrogen in Scottish coastal waters. Marine Ecology
Progress Series 85, 153-161.
Gowen, R.J., Tett, P. and Wood, B.J.B. (1983). Changes in the major
dihydroporphyrin plankton pigments during the spring bloom of
phytoplankton in two scottish sea-lochs. Journal ofMarine Biological
Association U.K. 63, 27-36.
Gran, H.H. and Braarud, T. (1935). A quantitative study of the phytoplankton in the
Bay of Fundy and the Gulf of Maine. Journal of the Biological Board of
Canada 1, 279-467.
Grantham, B., 1983. Firth of Lome Study: Report No. 1. 86, Dunstaffnage Marine
Laboratory, Oban.
Grasshoff, K. (1976). Methods of Seawater Analysis. 2nd ed. Verlag Chemie,
Weinheim.
Green, N.P.O., Stout, G.W. and Taylor, D.J. (1984). Biochemistry of Photosynthesis.
In Biological Sciences 1 and 2 (R. Sopers, eds.), pp. 261. 2nd ed. Cambridge
University Press, Cambridge.
Hallengraeff, G. (1995). Algal blooms in Australian coastal waters. Water 22(3), 20-
23.
Hansen, P.J _ (1992). Prey size selection, feeding rates and growth dynamics of
heterotrophic dinoagellates with special emphasis on Gyrodinium spirale.
Marine Biology 114, 327-334.
293
Harding Jr., L.W. (1988). The time-course of photoadaptation of low-light i_n
Prorocentrum-mariae-lebouriae dinophyceae. Journal ofPhycology 24(2),
274-281.
Harding Jr., L.W. (1994). Long-term trends in the distribution of phytoplankton in
Chesapeake Bay: roles of light, nutrients and streamow. Marine Ecology
Progress Series 104, 267-291.
Harrison, W.G. and Harris, L.R. (1986). Isotope-dilution and its effects on
measurements of nitrogen and phosphons uptake by oceanic microplankton.
Marine Ecology Progress Series 27, 253-261.
Hasegawa, T., Koike, I. and Mukai, H. (2000). Release of dissolved organic nitrogen
by size-fractionated natural planktonic assemblages in coastal Waters. Marine
Ecology Progress Series 198, 43-49.
Head, E.J.H. and Harris, L.R. (1994). Feeding selectivity by copepods grazing on
natural mixtures of phytoplankton determined by HPLC analysis of pigments.
Marine Ecology Progress Series ll0(l), 75-83.
Hecky, R.E. and Kilham, P. (1988). Nutrient limitation of phytoplankton in freshwater
and marine environments. A review of recent evidence on the effects of
enrichment. Limnology and Oceanography 33, 796-822.
Helder, W. and De Vries, R.T.P. (1979). An automatic phenol-hypochlorite method
for the determination of ammonia in sea and brackish Waters. Netherlands
Journal ofSea Research l3(1), 154-160.
Hendry, G.A.F., Houghton, J.D. and Brown, S.B.B. (1987). The degradation of
chlorophyll - a biological enigma. New Phytologist 107, 255-302.
Hopkinson, C.S.J _, Sherr, B. and Wiebe, W.J. (1989). Size fractionated metabolism of
coastal microbial plankton. Marine Ecology Progress Series 51(1-2), 155-167.
Hu, S.H. and Smith, W.O. (1998). The effects of iradiance on nitrate uptake and
dissolved organic nitrogen release by phytoplankton in the Ross Sea.
Continental ShelfResearch l8(9), 971-990.
Jacobson, D.M. and Anderson, D.M. (1986). Thecate heterotrophic dinoflagellates:
feeding behaviour and mechanisms. Journal ofPhycology 22, 249-258.
294
Jeffrey, S.W. and Hallegraeff, G.M. (1987). Chlorophyllase distribution in ten classes
of phytoplankton: a problem for chlorophyll analysis. Marine Ecology
Progress Series 35, 293-304.
Jeffrey, S.W. and Humphrey, G.F. (1975). New spectrophotometric equations for
determining chlorophylls a, b, cl and cz ,in higher plants, algae and natural
phytoplankton. Biochemie Physiologie Pflanzen 167, 191-194.
Jeffrey, S.W. and Vesk, M. (1997). Introduction to marine phytoplankton and their
pigment signatures. In Phytoplankton Pigments in Oceanography (S.W.
Jeffrey, R.F.C. Mantoura and S.W. Wrights, eds.), pp. 42. lst ed. UNESCO
Publishing, Paris.
Jensen, M.H., Lomstein, E. and Sorensen, J. (1990). Benthic NH4+ and N03' ux
following sedimentation of a spring phytoplankton bloom in Aarhus Bight,
Denmark. Marine Ecology Progress Series 61, 87-96.
John, E.H. and Davidson, K. (2001). Prey selectivity and the inuence of prey
carbonznitrogen ratio on microagellate grazing. Journal ofExperimental
Marine Biology and Ecology 260(1), 93-111.
Jones, K.J., Ayres, P., Bullock, A.M., Roberts, R.J. and Tett, P. (1982). A red tide of
Gyrodinium aureolum in sea lochs of the Firth of Clyde and associated
mortality of pond-reared salmon. Journal of the Marine Biological Association
of the United Kingdom 62, 771-782.
Jones, K.J., Tett, P., Wallis, A.C. and Wood, B.J.B. (1978(a)). Investigation of a
nutrient-growth model using a continuous culture of natural phytoplankton.
Journal of the Marine Biological Association of the United Kingdom 58, 923-
941.
Jones, K.J., Tett, P., Wallis, A.C. and Wood, B.J.B. (1978(b)). The use of small,
continuous and multispecies cultures to investigate the ecology of
phytoplankton in a Scottish sea-loch. Mitteilungen International Verein
Limnology 21, 398-412.
Joseph, L. and Villareal, T.A. (1998). Nitrate reductase activity as a measure of
nitrogen incorporation in Rhizosoleniaformosa (H. Peragal1o): Intemal nitrate
295
and diel effects. Journal ofExperimental Marine Biology and Ecology 229(2),
159-176.
Kelly, M. and MacDonald, E., 1997. SOAEFD Toxic Algal Bloom Monitoring
Report, 1 January 1996 to 31 December 1996. 2/97, Marine Laboratory,
Aberdeen.
Kennaway, G.M.A., Tett, P. and Lucas, 1.A.N. (1992). Dinoagellates as grazers of
phytoplankton. British Phycology Journal 27(1), 95.
Ketchum, B.H. (1939). The absorption of phosphate and nitrate by illuminated
cultures of Nitzschia closterium. American Journal ofBotany 26, 399-407.
Kiorboe, T., Andersen, K.P. and Dam, H.G. (1990). Coagulation efficiency and
aggregate formation in marine phytoplankton. Marine Biology 107, 235-245.
Kirk, J .T.O. (1994). The major light-absorbing components of the aquatic system. In
Light and Photosynethesis in Aquatic Ecosystems, pp. 54-77. 2nd ed.
Cambridge University Press, Cambridge.
Kivi, K., Kuosa, H. and Tanskanen, S. (1996). An experimental study on the role of
custacean and microprotozoan grazers in the planktonic food web. Marine
Ecology Progress Series 136, 59-68.
Klein, B. (1988). Variations of pigment content in two benthic diatoms during growth
in batch cultures. Journal ofExperimental Marine Biology and Ecology 115,
237-248.
Klein, B., Gieskes, W.W.C. and Kraay, G.G. (1986). Digestion of chlorophylls and
carotenoids by the marine protozoan Oxyrrhis marina studied by HPLC
analysis of algal pigments. Journal ofPlankton Research 8, 827-836.
Kohata, K. and Watanabe, M. (1988). Diel changes in the composition of
photosynthetic pigments and cellular carbon and nitrogen in Chattonella
antiqua (Raphidophyceae). Journal ofPhycology 24, 58-66.
Koroleff, F. and Grasshoff, K. (1983). Determination of nutrients. In Methods of
Seawater Analysis (K. Grasshoff, M. Ehrhardt and K. Kremlings, eds.), pp.
125-188. 2nd ed. Weinheim-frg-verlag-chemie, Kiel.
296
Kudela, R.M. and Dugdale, R.C. (2000). Nutrient regulation of phytoplankton
productivity in Monterey Bay, Califomia. Deep Sea Research Part II 47,
1023-1053.
Landry, M.R. and Hassett, R.P. (1982). Estimating the grazing impact of marine
micro-zooplankton. Marine Biology 67, 283-288.
Landry, M.R., Peterson, W.K. and Lorenzen, C.J. (1995). Zooplankton grazing,
phytoplankton growth, and export flux: Inferences from Chlorophyll tracer
methods. ICES Journal ofMarine Science 52(3-4), 337-345.
Lara, R.J., Hubberten, U., Thomas, D.N., Baumann, M.E.M. and Kattner, G. (1997).
Application of hydrophobic fractionation for the assessment of organic
nitrogen dynamics. Journal ofMarine Systems 13, 155-161.
Laws, E.A. and Bannister, T.T. (1980). Nutrient and light limited growth of
Thalassiosirauviatilis in continuous culture, with implications for
phytoplankton growth in the ocean. Limnology and Oceanography 25, 457-
473.
Laws, E.A., Bienfang, P.K., Ziemann, D.A. and Conquest, L.D. (1988).
Phytoplankton population dynamics and the fate of production during the
spring bloom in Auke Bay Alaska USA. Limnology and Oceanography 33(1)
57-65.
Lazier, J .R.N . and Mann, K.H. (1989). Turbulence and the diffusive layers around
small organisms. Deep Sea Research 36, 1721-1733.
Legendre, L. and Rassoulzadegan, F. (1995). Plankton and nutrient dynamics in
marine waters. Ophelia 41, 153-172.
Levasseur, M., Thompson, P.A. and Harrison, P.J. (1993). Physiological acclimation
of marine phytoplankton to different nitrogen sources. Journal ofPhycology
29(5), 587-595.
L'Helguen, S., Madec, C. and Le Corre, P. (1996). Nitrogen uptake in permanently
well-mixed temperate coastal waters. Estuaríne, Coastal and ShelfScience
42(6), 803-818.
Lohse, L., Malschaert, J .F.P., Slomp, C.P., Helder, W. and van Raaphorst, W. (1993)
Nitrogen cycling in the North Sea sediments: interaction of denitrication and
297
nitrification in offshore and Coastal areas. Marine Ecology Progress Series
101, 283-296.
Lomas, M.W. and Glibert, P.M. (1999). Interactions between NH4+ and N03' uptake
and assimilation: Comparison of diatoms and dinoagellates at several
growth temperatures. Marine Biology l33(3), 541-551.
Lorenzen, C.J. (1967). Determination of Chlorophyll and pheopigments: spectro-
photometric equations. Limnology and Oceanography 12, 343-346.
Lorenzen, C.J. and Jeffrey, S.W. (1980). Detennination of Chlorophyll in seawater.
UNESCO, Technical papers in Marine Science No. 35, 21.
Louda, J.W., Li, J., Liu, L., Winfree, M.N. and Baker, E.W. (1998). Chlorophyll-a
degradation during Cellular senescence and death. Organic Geochemistry 29,
1233- 1251 .
Lovejoy, C. et al. (2000). Growth and distribution of marine bacteria in relation to
nanoplankton community structure. Deep Sea Research Part II 47, 461-487.
Lucas, L.V., Koseff, J.R., Cloern, J.E., Monismith, S.G. and Thompson, J.K. (1999).
Processes governing phytoplankton blooms in estuaries. I: The local
production-loss balance. Marine Ecology Progress Series 187, 1-15.
Lutz, V.A. and Carreto, J .I. (1991). A new spectrouorometric method for the
determination of chlorophylls and degradation products and its application in
two frontal areas of the Argentine Sea. Continental ShelfResearch 11, 433-
451.
Maestrini, S.Y. and Granéli, E. (1991). Environmental conditions and
ecophysiological mechanisms which led to the 1988 Chrysochromulina
polylepis bloom: a hypothesis. Oceanologica Acta 14, 397-413.
Maguer, J _-F., L`Helguen, S., Madec, C. and Le Corre, P. (1999). Seasonal patterns of
ammonium regeneration from size-fractionated microheterotrophs.
Continental ShelfResearch 19( 14), 1755- 1770.
Mann, K.H. and Lazier, J .R.N. (1996). Vertical structure of the open ocean: biology
of the mixed layer. In Dynamics ofMarine Ecosystems, pp. 78. 2nd ed.
Blackwell Scientific Publications, London.
298
Mantoura, R.F.C., Barlow, R.G. and Head, E.J.H. (1997(b)). Simple isocratic HPLC
methods for chlorophylls and their degradation products. I Phytoplankton
pigments in oceanography (S.W. Jeffrey, R.F.C. Mantoura and S.W. Wrights,
eds.). lst ed. UNESCO, Paris.
Mantoura, R.F.C., Jeffrey, S.W., Llewellyn, C.A., Claustre, H. and Morales, C.E.
(l997(a)). Comparison between spectrometric, fluorometric and HPLC
methods for chlorophyll analysis. In Phytoplankton Pigments in
Oceanography (S.W. Jeffrey, R.F.C. Mantoura and S.W. Wrights, eds.), pp.
361-380. 1st ed. UNESCO Publishing, Paris.
Marra, J., Bidigare, R.R. and Dickey, T.D. (1990). Nutrients and mixing, chlorophyll
and phytoplankton growth. Deep Sea Research 37, 127-142.
Marshall, S.M. and Orr, A.P. (1928). The photosynthesis of diatom cultures in the sea.
Journal of the Marine Biological Association of the UK 15, 321-360.
McClelland, J .W. and Valiela, I. (1997). Nitrogen-stable isotope signatures in
estuarine food webs: A record of increasing urbanization in coastal
watersheds. Limnology and Oceanography 42(5), 930-937.
Meeuwig, J .J _, Kauppila, P. and Pitkänen, H. (2000). Predicting coastal eutrophication
in the Baltic: a limnological approach. Canadian Journal ofFisheries and
Aquatic Science 57, 844-855.
Mikaelyan, A.S. and Belyaeva, G.A. (1995). Chlorophyll "a" content in cells of
antarctic phytoplankton. Polar Biology l5(6), 437-445.
Millero, F.J. and Sohn, M.L. (1992). Chemical Oceanography. lst ed. CRC Press,
Boca Raton, FL. '
Mitchell, B.G. and Holm-Hansen, O. (1991). Observations and modelling of the
Antarctic phytoplankton crop in relation to mixing depth. Deep-Sea Research
Part A Oceanographic Research Paper 38(8-9), 981-1007.
Monod, J. (1942). Recherches sur la Croissance des Cultures Bacteriennes. Herman,
Paris.
Morel, A. and Smith, R.C. (1974). Relation between total quanta and total energy for
aquatic photosynthesis. Linmology and Oceanography 19, 591-600.
299
Murray, A.P., Gibbs, C.F., Longmore, A.R. and Flett, D.J. (1986). Determination of
chlorophyll in marine Waters - intercomparison of a rapid HPLC method with
full HPLC, spectrophotometric and uorometric methods. Marine Chemistry
l9(3), 211-227.
National Research Council (2000). What determines susceptibility to nutrient over-
enrichment? In Clean Coastal Waters. Understanding and reducing the
eects ofnutrient pollution (National Research Councils, eds.). 1st ed.
National Academy Press, Washington, D.C.
Neveux, J. et al. (1990). Comparison of chlorophyll and phaeopigment determinations
by spectrophotometric, fluorometric, spectrofluorometric and HPLC methods.
Marine Microbial Food Webs 4, 217-238.
Nielson, A. and Richardson, K. (1990). Chrysochromulina polylepis bloom in Danish,
Swedish and Norwegian waters, May-June 1988 - an analysis of extent, effects
and causes. In Eutrophication and algal blooms in North Sea coastal zones,
the Baltic and adjacent areas: predictíon and assessment ofpreventive actions
(C. Lancelot, G. Billen and H. Barths, eds.), pp. 11-25. Commission of the
European Communities, Water Pollution Research Report, Brussels.
Nixon, S.W. and Pilson, M.E.Q. (1983). Nitrogen in estuaries and coastal marine
ecosystems. In Nitrogen in the Marine Environment (EJ. Carpenter and D.G.
Capones, eds.), pp. 565-648. 1st ed. Academic Press, Inc. (London) Ltd.,
London.
Niyogi, K.K. (2000). Safety valves for photosynthesis. Current Opinion in Plant
Biology 3(6), 455-460.
Officer, C.B. and Ryther, J .H. (1980). The possible importance of silicon in marine
eutrophication. Marine Ecology Progress Series 3, 83-91.
Osborne, B.A. and Geider, R.J. (1986). Effect of nitrate-nitrogen limitation on
photosynthesis of the diatom Pheodactylum tricornutum Bohlin
(Bacillariophyceae). Plant Cell Environment 9, 617-625.
Owens, N.J.P. et al. (1986). Nutrient cycling studies in Carmarthen Bay UK
phytoplankton production nitrogen assimilation and regeneration. Marine
Biology (Berlin) 93(3), 329-342.
300
Owens, N.J.P., Woodward, E.M.S., Aiken, J., Bellan, I.E. and Rees, A.P. (1990).
Primary production and nitrogen assimilation in the North Sea during July
1987. Netherlands Journal ofSea Research 25(1-2), 143-154.
Owens, T.G. and Whitledge, T.E. (1980). Diel periodicity of cellular chlorophyll
content in marine diatoms. Marine Biology 59, 71-77.
Paasche, E. and Kristiansen, S. (1982). Nitrogen nutrition of the phytoplankton in the
Oslo fjord. Estuarine Coastal and ShelfScience l4(3), 237-249.
Page, S., Hipkin, C.R. and Flynn, K.J. (1999). Interactions between nitrate and
ammonium in Emiliania hyxleyi. Journal ofExperimental Marine Biology and
Ecology 236(2), 307-319.
Paranjape, M.A. (1990). Microzooplankton herbivory on the Grand Bank
(Newfoundland, Canada): a seasonal study. Marine Biology 107, 321-328.
PARCOM ( 1999). .
Park, R., 1996. The distribution of phytoplankton in the Firth of Foth in relation to
Seafield and Levenmouth sewage outfalls, April to October 1995. Scottish
Environment Protection Agency Report No. T 8/96.
Parsons, T.R., Takahashi, M. and Hargrave, B. (1984). Biological Oceanographic
Processes. 3rd ed. Pergamon Press, Oxford.
Pätsch, J. and Radach, G. (1997). Long-term simulation of the eutrophication of the
North Sea: temporal development of nutrients, chlorophyll and primary
production in comparison to observations. Journal ofSea Research 38, 275-
310.
Peduzzi, P. and Hemdl, G.J. (1992). Zooplankton activity fueling the microbial loop
diffential growth response of bacteria from oligotrophic and eutrophic Waters.
Limnology and Oceanography 37(5), 1087-1092.
Pérez-Castillo, F. (1994). Screening for "less sensitive areas" using an eutrophication
model. MSc Thesis, University College of North Wales, Bangor.
Peterson, W.T., Painting, S.J. and Hutchings, L. ( 1990). Diel Variations in gut pigment
content diel vertical migration and estimates of grazing impact for copepods in
the Southern Benguela South Africa upwelling region in October 1987.
Journal ofPlankton Research 12(2), 259-282.
301
Pierce, R.W. and Tumer, J .T. (1992). Ecology of planktonic ciliates in marine food
Webs. Review ofAquatic Science 6, 139-181.
Poole, H.H. and Atkins, W.R.G. (1929). Photo-electric measurements of submarine
illumination throughout the year. Journal of the Marine Biological Association
in the U.K. 16, 297-324.
Porra, R.J., Pfundel, E.E. and Engel, N. (1997). Metabolism and function of
photosynthetic pigments. In Phytoplankton Pigments in Oceanography (S.W.
Jeffrey, R.F.C. Mantoura and S.W. Wrights, eds.), pp. 85-126. 1st ed.
UNESCO Publishing, Paris.
Porter, K.G. and Feig, Y.S. (1980). The use of DAPI for identifying and counting
aquatic microora. Limnology ana' Oceanography 25(5), 943-948.
Preston, T. and Barrie, A. (1991). Recent progress in continuous ow isotope ratio
mass spectrometry. American Laboratory 18, 31-34.
Preston, T. and Owens, N .J .P. (1983). Interfacing an automatic elemental analyser
with an isotope ratio mass spectrometer: The potential for fully automated
total nitrogen and nitrogen-15 analysis. Analyst 108, 971-977.
Probyn, T.A. and Painting, S.J. (1985). Nitrogen uptake by size-fractionated
phytoplankton populations in Antarctic surface Waters. Limnology and
Oceanography 30, 1327-1332.
PujoPay, M., Conan, P. and Raimbault, P. (1997). Excretion of dissolved organic
nitrogen by phytoplankton assessed by wet oxidation and N15 tracer
procedures. Marine Ecology Progress Series 153, 99-111.
Quevedo, M. and Anadón, R. (2000). Spring microzooplankton composition, biomass
and potential grazing in the central Cantabrian coast (southem Bay of Biscay).
Oceanologica Acta 23(3), 297-310.
Rassoulzadegan, F. (1993). Protozoan patterns in the Azam-Ammerman's bacteria-
phytoplankton mutualism. In Trends in Microbial Ecology (R. Guerrero and
C. Perdos-Alios, eds.), pp. 435-439. 1st ed. Spanish Society for Microbiology,
Barcelona.
Redfield, A.C. (1958). The biological control of chemical factors in the environment.
American Scientist 46, 205-221.
302
Rees, A.P., Owens, N.J.P., Heath, M.R., Plummer, D.H. and Bellerby, R.S. (1995).
Seasonal nitrogen assimilation and carbon fixation in a fjordic sea loch.
Journal ofPlankton Research 17(6), 1307-1324.
Reynolds, C.S., Thompson, J.M., Ferguson, A.J.D. and Wiseman, S.W. (1982). Loss
processes in the population dynamics of phytoplankton maintained in closed
systems. Journal ofPlankton Research 4, 561-600.
Richardson, K. and Heilmann, J .P. (1995). Primary production in the Kattegat: Past
and present. Ophelia 41, 317-328.
Riegman, R. (1995). Nutrient-related selection mechanisms in marine phytoplankton
communities and the impact of eutrophication on the planktonic food web.
Water Science and Technology 32, 63-75.
Riegman, R., Colijn, F., Malschaert, J .F.P., Kloosterhuis, H.T. and Cadee, G.C.
(1990). Assessment of growth rate limiting nutrients in the North Sea by the
use of nutrient-uptake kinetics. Netherlands Journal of Sea Research 26, 53-
60.
Riegman, R., Kuipers, B.R., Noordeloos, A.A.M. and Witte, H.J. (1993). Size-
differential control of phytoplankton and structure of plankton communities.
Netherlands Journal ofSea Research 31, 255-265.
Riemann, B., Simonsen, P. and Stensgaard, L. (1989). The carbon and chlorophyll
content of phytoplankton from various nutrient regimes. Journal ofPlankton
Research 1l(5), 1037-1046.
Riper, D.M., Owens, T.G. and Falkowski, P.G. (1979). Chlorophyll turnover in
Skeletonema costatum, a marine plankton diatom. Plant Physiology 64, 49-54
Ross, A.H., Gurney, S.C., Heath, M.R., Hay, S.J. and Henderson, E.W. (1993). A
strategic simulation model of a fjord ecosystem. Limnology and
Oceanography 38, 128-153.
Sakshaug, E., Andresen, K. and Kiefer, D.A. (1989). A steady state description of
growth and light absorption in the marine planktonic diatom Skeletonema
costatum. Limnology and Oceanography 34, 198-205.
303
Sakshaug, E. and Olsen, Y. (1986). Nutrient status of phytoplankton blooms in
Norwegian waters and algal strategies for nutrient competition. Canadian
Journal ofFisheries and Aquatic Science 43, 389-396.
Sanders, R., Klein, C. and Jickells, T. (1997). Biogeochemical nutrient cycling in the
upper Great Ouse estuary, Norfolk, U.K. Estuarine, Coastal and ShelfScience
44, 543-555.
Schlesinger, W.H. (1997). Biogeochemistry - an analysis of global change. 2nd ed.
Academic Press, Inc. (London) Ltd., London.
Schlüter, L. (1998). The influence of nutrient addition on growth rates of
phytoplankton groups, and microzooplankton grazing rates in a mesocosm
experiment. Journal ofExperimental Marine Biology ana' Ecology 228(1), 53-
71.
Sciandra, A. et al. (1997). Growth-compensating phenomena in continuous cultures of
Dunaliella tertiolecta limited simultaneously by light and nitrate. Limnology
and Oceanography 42(6), 1325-1339.
Shanley, E. and Vargo, G.A. (1993). Cellular composition, growth, photosynthesis,
and respiration rates of Gymnodinium breve under varying light levels. In
Toxic Phytoplankton Blooms in the Sea (T.J. Smayda and Y. Shimizus, eds.)
Elsevier, Amsterdam.
Shuman, F.R. and Lorenzen, C.J. (1975). Quantitative degradation of Chlorophyll by a
marine herbivore. Limnology and Oceanography 20, 580-586.
Shuter, B. (1979). A model of physiological adaptation in unicellular algae. Journal of
Theoretical Botany 78, 519-552.
Sime-Ngando, T., Gosselin, M., Roy, S. and Chanut, J.P. (1995). Significance of
planktonic ciliated protozoa in the lower St. Lawrence Estuary: comparison
with bacterial, phytoplankton, and particulate organic carbon. Aquatic
Microbial Ecology 9, 243-258.
Slawyk, G., Coste, B., Collos, Y. and Rodier, M. (1997). Isotopic and enzymatic
analysis of planktonic nitrogen utilisation in the vicinity of Cape Sines
(Portugal) during weak upwelling activity. Deep-Sea Research Part I 44(1), 1-
25.
304
Smayda, T.J. (1990). Novel and nuisance phytoplankton blooms in the sea: evidence
for a global epidemic. In Toxic Marine Phytoplankton (E. Granéli, B.
Sundström, L. Edler and D. Andersons, eds.), pp. 29-40. Elsevier, New York.
Smith, G.J., Zimmerman, R.C. and Alberte, R.S. (1992). Molecular and physiological
responses of diatoms to variable levels of irradiance and nitrogen availability:
Growth of Skeletonema costatum in simulated upwelling conditions.
Limnology and Oceanography 37(5), 989-1007.
Soederstroem, J . (1996). The significance of observed nutrient concentrations in the
discussion about nitrogen and phosphons as limiting nutrients for the primary
carbon ux in coastal water ecosystems. Sarsia 81(2), 81-96.
Sondergaard, M. et al. (2000). Net accumulation and ux of dissolved organic carbon
and dissolved organic nitrogen in marine plankton communities. Limnology
ana' Oceanology 45(5), 1097-1 111.
Sosik, H.M. and Mitchell, B.G. (1991). Absorption uorescence and quantum yield
for growth in nitrogen limited Dunaliella tertiolecta. Limnology and
Oceanography 36(5), 910-921.
Sosik, H.M. and Mitchell, B.G. (1994). Effects of temperature on growth, light
absorption, and quantum yield in Dunalíella tertiolecta (Chlorophyceae).
Journal ofPhycology 30(5), 833-840.
Stoecker, D.K. (1984). Particle production by planktonic ciliates. Limnology and
Oceanography 29, 930-940.
Stolte, W., McCollin, T., Noordeloos, A.A.M. and Riegman, R. (1994). Effect of
nitrogen source on the size distribution within marine phytoplankton
populations. Journal ofExperimental Marine Biology and Ecology 184, 83-97
Strom, S.L. (1993). Production of pheopigments by marine protozoa: results of
laboratory experiments analysed by HPLC. Deep Sea Research I 40(l), 57-80.
Strom, S.L., Brainard, M.A. and Holmes, J .L. (2001). Phytoplankton blooms are
strongly impacted by microzooplankton grazing in coastal North Pacific
waters. Marine Biology 138, 355-368.
305
Strom, S.L. and Morello, T.A. (1998). Comparative growth rates and yields of ciliates
and heterotrophic dinoflagellates. Journal ofPlankton Research 20(3), 571-
584.
Strom, S.L., Morello, T.A. and Bright, K.J. (1998). Protozoan size influences algal
pigment degradation during grazing. Marine Ecology Progress Series 164,
189-197.
Strom, S.L. and Welschmeyer, N.A. (1991). Pigment-specific rates of phytoplankton
growth and microzooplankton grazing in the open subarctic Pacific Ocean.
Limnology and Oceanography 36, 50-63.
Suzuki, K., Handa, N., Nishida, T. and Wong, C.S. (1997). Estimation of
phytoplankton succession in a fertilized mesocosm during summer using high-
performance liquid chromatographic analysis of pigments. Journal of
Experimental Marine Biology and Ecology 2l4(1-2), 1-17.
Suzuki, R. and Fujita, Y. (1986). Chlorophyll decomposition in Skeletonema
costatum: a problem in chlorophyll determination of water samples. Marine
Ecology Progress Series 28, 81-85.
Suzuki, Y., Sugimura, Y. and Itoh, T. (1985). A catalytic oxidation method for the
determination of total nitrogen dissolved in seawater. Marine Chemistry 16,
83-97.
Sverdrup, H.U. (1953). On conditions for the vernal blooming of phytoplankton.
Journal of Cons. Perm. Int. Exp. Mer 18, 287-295.
Tamigneaux, E., Mingelbier, M., Klein, B. and Legendre, L. (1997). Grazing by
protists and seasonal changes in the size structure of protozooplankton and
phytoplankton in a temperate nearshore environment (westem Gulf of St.
Lawrence, Canada). Marine Ecology Progress Series 146, 231-247.
Taylor, D., Nixon, S., Granger, S. and Buckley, B. (1995). Nutrient limitation and the
eutrophication of coastal lagoons. Marine Ecology Progress Series 127, 235-
244.
Tett, P., 1980. Phytoplankton and the fish kills in Loch Striven. 25, Scottish Marine
Biological Association, Oban.
306
Tett, P. (1990). The Photic Zone. In Light and Life in the Sea (P.J. Herring, A.K.
Campbell, M. Whitfield and L. Maddocks, eds.), pp. 59-87. lst ed. Cambridge
University Press, Cambridge.
Tett, P. (1992). The ecology of plankton in Scottish Waters. Proceedings of the Royal
Society ofEdinburgh 100B, 27-54.
Tett, P., 1998. Parameterising a microplankton model. IBSN 0902703 609, Napier
University, Edinburgh.
Tett, P. (2000). Marine eutrophication and the use of models. In Science and
Environmental Decision Making (H. Huxham and D. Summers, eds.), pp. 215-
238. Addison Wesley Longman/Pearson Education, London.
Tett, P. and Droop, M.R. (1988). Cell quota models and planktonic primary
production. In Handbook of laboratory model systemsfor microbial
ecosystems (J .W.J . Wimpennys, eds.), pp. 207-209. CRC Press Inc., U.S.A.
Tett, P., Heaney, S.I. and Droop, M.R. (1985). The Redfield ratio and phytoplankton
growth rate. Journal of the Marine Biological Association of the United
Kingdom 65, 487-504.
Tett, P. and Walne, A. (1995). Observations and simulations of hydrography, nutrients
and plankton in the southem North Sea. Ophelia 42, 371-416.
Thingstad, T.F. et al. (1999). Bacteria-protist interactions and organic matter
degradation under P-limited conditions: Analysis of an enclosure experiment
using a simple model. Limnology and Oceanology 44(l), 62-79.
Thompson, P.A., Guo, M.-X. and Harrison, P.J. (1992). Effects of variation in
temperature on the biochemical composition of eight species of marine
phytoplankton. Journal ofPhycology 28(4), 481-488.
Thompson, P.A., Levasseur, M.E. and Harrison, P.J. (1989). Light-limited growth on
ammonium vs. nitrate what is the advantage for marine phytoplankton?
Limnology and Oceanography 34(6), 1014-1024.
Thoresen, S.S., Clayton Jr., J .R. and Ahmed, S.I. (1984). The effect of short-term
uctuations in pH on N03' uptake and intracellular constituents in
Skeletonema costatum (Grev.) Cleve. Journal ofExperimental Marine Biology
and Ecology 83, 149-157.
307
Tiselius, P. (1988). Effects of diurnal feeding rhythms, -species composition and
vertical migration on the grazing impact of calanoid copepods in the Skagerrak
and Kattegat Scandinavia. Ophelia 28(3), 215-230.
Tomas, C.R. (1997). Identifying Marine Phytoplankton. Academic Press, London.
Trimmer, M., Gowen, R.J., Stewart, B.M. and Nedwell, D.B. (1999). The spring
bloom and its impact on benthic mineralisation rates in westem Irish Sea
sediments. Marine Ecology Progress Series 185, 37-46.
Tsirtsis, G.E., 1995. Modelling the nitrogen cycle in a eutrophic coastal marine
environment inuenced by sewage efuents. In Proceedings of the 2nd
International Conference of the Mediterranean Coastal Environment-
Medcoast 95, Oct. 24-28, I995Editor (Editor, eds)^(Editors, eds), Tarragona,
Spain.
Tupas, L. and Koike, I. (1990). Amino acid and ammonium utilization by
heterotrophic marine bacteria grown in enriched seawater. Limnology ana'
Oceanography 35, 1 146-1 155. _
Tumer, M.F., Bullock, A.M., Tett, P. and Roberts, R.J. (1987). Toxicity of
Gyrodinium aureolum: some initial findings. Rapport et Proces-verbaux des
Reunions, Conseil international pour l'Exloration de la Mer 187, 98-102.
Turpin, D.H., Elfiri, I.R., Birch, D.G., Weger, H.G. and Holmes, JJ. (1988). '
Interactions between photosynthesis, respiration, and nitrogen assimilation in
microalgae. Canadian Journal ofBotany 66(10), 2083-2097.
Vadstein, O. (1997). Evaluation of competitive ability of two heterotrophic planktonic
bacteria under phosphoms limitation. Aquatic Microbiology and Ecology 14,
119-127.
Van Boekel, W.H.M., Hansen, F.C., Riegman, R. and Bak, R.P.M. (1992). Lysis
induced decline of a Phaeocystis spring bloom and coupling with the
microbial foodwebs. Marine Ecology Progress Series 81, 269-276.
Verity, P.G. (1985). Grazing, respiration, excretion and growth rates of tintinnids.
Limnology and Oceanography 30, 1268-1282.
Verity, P.G. (1988). Chemosensory behaviour in marine planktonic ciliates. Bulletin
ofMarine Science 43, 772-782.
Y ¬l
308
Watanabe, M. (1983). Diurnal vertical migration and dark uptake of nitrate and
phosphate of the red tide agellate Heterosigma akashiwo Hada and
Chattonella antiqua (Hada) ono (Raphidophyceae). Japanese Journal of
Phycology 31, 161-166.
Welschmeyer, N.A. and Lorensen, C.J. (1985(a)). Chlorophyll budgets: zooplankton
grazing and phytoplankton growth in a temperate fjord and the central Pacific
gyres. Limnology and Oceanography 30, 1-21.
Welschmeyer, N.A. and Lorenzen, C.J. (l985(b)). Role of herbivory in controlling
phytoplankton abundance annual pigment budget for a temperate marine fjord.
Marine Biology (Berlin) 90(1), 75-86.
Wheeler, P.A. and Kirchman, D.L. (1986). Utilization of inorganic and organic
nitrogen by bacteria in marine systems. Limnology and Oceanography 31,
998-1009.
Wright, S.W., Jeffrey, S.W. and Mantoura, R.F.C. (1997). Evaluation of methods and
solvents for pigment extraction. I Phytoplankton pigments in oceanography
(S.W. Jeffrey, R.F.C. Mantoura and S.W. Wrights, eds.). lst ed. UNESCO,
Paris.
Yin, K., Harrison, P.J. and Donch, Q. (1998). Lack of ammonium inhibition of nitrate
uptake for a diatom grown under low light conditions. Journal of
Experimental Marine Biology and Ecology 228, 151-165.
Zehr, J .P., Falkowski, P.G., Fowler, J. and Capone, D.G. (1988). Coupling between
ammonium uptake and incorporation in a marine diatom: experiments with the
short-lived radioisotope nitrogen-13. Limnology and Oceanography 33(4),
518-527.
Zonneveld, C. (1998). A cell-based model for the chlorophyll a to carbon ratio in
phytoplankton. Ecological Modelling 113, 55-70.
_ w_š_wv_Ã¢ E B5mOU EU=O~U_®v_w
N3 _ mgåmåm EOä__u Esšws _N_š___O_U_8_w
_ wzswåm OQÃ Cgd
_ wsgmäm Qåd "O__O Eggc
_ Msgwxdm East E __=dUwOO EUCOHU_0v_w
_ _ wgšmëm Eeu
_ wsšmšw VN Egen
NN Mâcwåw EOUEU
NN wzgmäw OEÃ mag VN m _ E856
__ _ wsgmäm O:_o gèÃ³ VN Eemzu E EQHMOO EUCOH0_Uv_m
wsgmäw O36 G2 EoäÅ¡ E__šw8
_» wsgmåw OgÃ³ 306 VN m_
wscwåm EWG :nd VN
wsgmäm OgÃ³ 306 C mg
wsdcm OEÃ SQO C mg 2 EñšÃ± Esšms _NEU_šU_0V_m
_ mgcmåm OäÃ³ a¬o Â© 80 W _ EOHEU
Egšws80 2 EgÃ¤ Esšmg _NE0__O_0_a_m
N3 _ Msdcwåm _2_O mg m _ EOHEU E3880
mnmåw $O_O VgÃ³ 3 mg 2 Eggï¬
:_ wsdgmäm QbÃ³ V86 v_ mg Esgv
wsmzwåw 0:6 mg W _ EOš_v Ešmg _šU__9_9_m
Msåmäm Oâd âzv 2 mg E Eegv
NN Msgmäm mg 2 ESEU
wâäm :Q0 göÃ³ VN 82 E EOHEU
_? _ wzêmåm äqñv Mwgd üÃ¥ gg 2 EOHEU
_? _ wâcwåm NNQO OgÃ³ VN
_; E Mgåwåm _g_O :bd VN _ EOHEU
sšws ?_ wšämšm wgd 2°C VN EOHEU
_ wgåmåm O26 g__o W _ EOš_v E__šwOu _NEu___O_U_8_m
_? _ wš___mv_dm mg
wäaysm
VN _
9:8 ma ^_|:8 _°E& ^wH___o5 ^_Im E Hwšmiv
QUCEUMEH Bagäeowüsaw
®H¦Hß_~U=¬__ GH: ECM Häxß SWG Uk¦a_¦UO=O2 M ®_ñ_ßr_k
_ wsšmäm O26 V86 W _ EOEU
_? _ wsëmåw 2&6 QKOÃ 2 EOEU
_ wzgmåm
wzšmšm OXQÃ _:__o W _ Eezu
mssmåm gëÃ³ V26 E Eggu EBSM8
msgmåm OäÃ³ mid W _ Egv
EsšmsNa_ mgdcwåm ONQO 2&0 E EOEU
_ _w8 3_ EeÃ¤
_ wzgmäm OÃ³ QSÃ _ EOEÃ E šsmonv
_ mgcmäm Ogd _g_O 2 EOUEU Esšws dE2_O_0_3_w
mgcmxmm E=H_mOU EOCOU_Uv_w
_ Msmcmåm OgÃ³ âzv 2 EOHEU
`_` :_ mzcmåm
_N_? EOHEHV
mggmäw O26 __ä__o E Eggv
_ gÃ³ W _ _ E92â E ÜHQHMOU EUCOU_Uv_m
_o:_o QQO m _ EOEU
E gs_: BGHMOU EUCOH0_Uv_m
Mzämåm W Eoäzu E SHEMOQ dE0=oU_Uv_w
_ msmsmåw Ogd oO___o W _ ECEâ E EGHØOU EUCO~U_Uv_m
_w msgmåw OMWNO E5580 NEU:O$_Uv_m
msëdw EGO 806 _ E0320 E___šw8 g__U___O_U_9_m
Nw wzcwäw OOWO a__O m _ EOä% EBSM8
wncmxdm ONQO ano m _ Eegu
_ wsdswxdw
msêmåm OONO %O_O m _ EOHEU
wsêmåw Oâd §06 m _ EOHEU
wancmäm EoäÅ¡o am _
^____8 wg ^__:8 Bee Aääe ph NIE aimv CDV
N __Eñ_eoEU ZL åwäq bmg oocggb u5_ääEOH oñgr
O: M _ EozÅ¡
mmm_ TE D =0mm>3 OmÃ³ _%_O O: w_ _ Eošu âCO_šUm _N___mO_mâ_2r__
COØQEOLF QNC wgÃ³ m _ E EOHSU äägšw
___ 3 =OáEO______ QNC V56 @ ß _ _ Eošw
___ _0 šâegÎ¼ QNC âO_O _ Ã S _ E966 N _N___äO_u_5w
___ 3 EOWQEOSF äñv 8__O 5 2 EOHEU
___ HU =Owñ_EOâ_ :__Â° Q
mwm_ ___ du ___°mQ¦__O__=` Ã E ECE?
_º_ _ šwmEO_=_ 9&6 °:_o 2 E EOHEU
___ 3 __OaEOr____ gåd 25Â° 2 `\_ EOHGWU
mwm_ ___ U ___°wm=__°__=_ :NO o:_o V ON _
___ _ __°âE2=_ QÄÃ :¬o N Egñšv Eš__O_u_äa emmO_wä_g_'__
___d _ EOHEU
mwm_ ___ Hu :°mn*E°______Ä±
11 ____~ _ ___OaEO___r__ Näd %__o zu N`_ EOHEU3 ___ _ ___OaEoF__ 9:6 g__O tw E Eev
___ HU ___Om&EO_`=_ QZV C26 Oi
wo____ HU =°mmEo__='_ _E_o CEÃ O2 _ EOHEU _EëOUš& _Ew2wm_N__E'__
Hu cowaeocfr *Q0 v:_Â°
___ _ __°&Eg_'__
___g_å2 Ed view NN
ošßmêSUBOÜHOHondNN
___Ur_Hš2 Ed šmom CS6 mved S* NN Bâßwë CUQMIW
gNN
_? N__ _? S wsnmxmm ONNO wgÃ³ N _ _ E Eggu
E__šm8Oma_ wgmväw OMQO *:_O N _ W E EOEU_ <3 E wsdåw O26 O26 N_ W _ EOEHV
Mzgmåm W _ EOEHV
E_š_mOUmg_ iš w___N__a__um ñëwd _NW_O E __;UmOU EUCO0_Uv_w
m®UCU__D___Oz
3 N_
^____8 wmv ^_'__8 _oE& 2:05 bim NIE Hmšmvl Cow
N __`^___ñ_o_oEU Zm uošmgb ešäâeur gg _mw_< waämw
Mag __ H0 EQN ogÃ³ wâÃ³ w_
___ Ü EON _ä_O V86 w_ EOEU ggOga _Ew2ww_§_r__
Mag ___ UM:
vmg _____8š_ Ed šmow 2": §2â %N
«Q2 __0___O_š_ Em šmow MwäÃ¡ ano Ma
EUEOEB#02___2_8_2â :
Uš_0mêw_
___u___å2 ug šmom Mwgd , Ogd
OpÃ³ eêumë
N_
Uâ šwom O36 §00 N_ d=D=ä__Q
___ HU =Umä>3 OOQM: OOQON
HUEâiââmm@m_h__ HU _5®ww>UJ UšñwêocÅ¡ Ešiswâm
M: SUBOEB
__? U _=__Omw>UJ Oäs Omd w_ EUEOEB
___ HU _=__Ummd>q_
äwwgÃ Ogd VSÃ M: EgÅ¡ m:_g__m wo__UU°§=_o
HU _=_Uwm>0_ Omwd gqo M: EOEU
wšnšwwsdM: EgÅ¡
MEUEMmmo___G O H5Uww>3 OgÃ³ wgd M: EgÅ¡ ääO_U__Ua _u___wOmwâ__H_____
_ EOšU šgšmm
H0OOQS w_
0M: 0š_Uw_ëOC=v
HQ8O_©m_ w_
___ U =Umw>3 OKN O36 M: 0š_Umc cghmÄ±
: __U___E__Q
OONñN ošäwc __3__m EOEOEB
___ 3 __=Uwâ>u`_ OEÃ Ogd M: EeñÅ¡ mzsäw 8__®U20g_O
moi ___ HD ____Uww>QI_ amd O26 M: Egåv wšnšw
7: aß _=_0mm>UJ OOm_O ogd M: EO___6
mDUC®_HU'%0x
A :oo M3 ^ '__8 _oE& 2:05 A _ _E Hwšmv
EMCOA ešäßwsåÄ± wggam
Table 1112 1
313
APPENDIX II
Summary of Regressions of Chlorophyll a
Against Particulate Nitrogen for Phytoplankton
Irrespective of Differences in Temperature and
Light Regimes
Description Type 3 St.
error
b St.
error
Tdf p
2T
Dinoagellates log/log -0.63 0.50 1.48 0.31
(1
0.01 85.1
Dinoagellates linear -13.00 39.14 1.88 0.80
LÄ±
0.08 58.2
Green Flagellates log/log 0.69 0.18 1.27 0.39
I\
0.01 39.1
Green Flagellates linear -0.95 1.68 7.74 3.76 17 0.06 20.9
Diatoms log/log 0.21 0.13 0.87 0.12 93 0.00 35.5
Diatoms linear 0.08 0.03 1.78 0.20 93 0.01 45.5
All Phytoplankton log/log 0.34 0.04 0.96 0.04 117 0.00 80.3
All Phytoplankton linear 0.24 0.66 1.63 0.06 117 0.00 86.6
y = pg chl/cell x = pmol N/cell y = a + bx Tdf = total degrees of freedom
Table §11) 2 Yield of Chlorophyll a from PN
Description Linear -
g chl/molN
St.
error
log/log
antilog
St.
error
Power
(b)
St.
6I°I'OI'
Dinoagellates 1.88 0.80
(a)
0.23 0.07-0.74 1.48 0.31
Green Flagellates 7.74 3.76 4.90 3.25-7.41 1.27 0.40
Diatoms 1.78 0.20 1.62 1.20-2.19 0.87 0.12
A11 Phytoplankton 1.63 0.06 2.18 2.00-2.40 0.96 0.04
g chl/mol N from linear regression g chl = antilog (a) x mol Nb from log/log regression
Table {II} 3 Summary of Regressions of Chlorophyll a Against
Particulate Nitrogen for Diatoms under Different
Light Regimes
Temp.
(°C)
Daylight
(Hours)
Type 2 St.
enor
b St.
CITOI'
Tdf p rl
1U
6 log/log 0.20 0.16 0.68 0.14
L¥
0.04 92.0
1U
6 linear 0.13 0.05 1.77 0.31
U
0.03 94.3
IK\
0
log/log 0.23 0.10 0.82 0.09
D
0.01 97.7
ILI
Light
< m-2s"âº
99
99
603
603 linear
O
0.07 0.04 1.79 0.27
U
0.02 95.6
y = pg chl/cell x = pmol N/cell y = a + bx Tdf = total degrees of freedom
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Table (II) 4 Yield of Chlorophyll a from PN
Temp. Light Daylight Linear- St. log/log St. Power
(°C) (E m`2s") (Hours) gchl/molN error antilog error (b) error
(2)
St.
15 99 6 1.77 68 0.14
15 603 6 1.79
0.31 1.58
J 1.10-2.29 0.
0.27 1.70 1.35-2.14 0.82 0.09
g chl/mol N from linear regression g chl = antilog (a) x mol N from log/log regression
Table §11! 5 Summary of Regressions of Chlorophyll a Against
Particulate Nitrogen for Diatoms under Different
Light Regimes
Temp.
(°C)
Light Daylight
(Hours)
Type a St. b
CITOI'
St.
error
Tdf p rz
(E m`2s`1)
15
Ä±Ll
14 log/log 0.31 0.14 0.81 0.16
kÄ±
0.01 86.6
1LI
15 14 linear 0.16 0.08 1.83 0.35
LÄ±
0.01 87.0
1U
41 14 log/log 0.44 0.24 0.98 0.25
\
0.01 72.7
1U
1J
41 linear 0.09 0.08 2.23 0.46
`
0.00 79.6
I'l
I-
99 log/log 0.47 0.11 1.15 0.10
U
0.00 96.9
1L]
Ä±-
99 linear -0.01 0.02 2.24 0.12
§1
0.00 98.8
I(l
-
603 log/log 0.42 0.11 1.32 0.11
U
0.00 97.5
1ÄJ
1->
603 linear -0.04 0.01 1.69 0.07
U
0.00 99.3
y = pg chl/cell x = pmol N/cell y = a + bx Tdf = total degrees of freedom
Table 1112 6 Yield of Chlorophyll a from PN
Temp. Light Linear -
(°C) (mi m'2s">
Daylight
(Hours)
St.
g chl/molN error
log/log
antilog
(2)
St.
error
Power
(b)
St.
CITOI'
U
15 14 1.83 0.35 2.04 1.48-2.82 0.81 0.16
IU
41 14 2.23 0.46 2.75 1.58-4.79 0.98 0.25
1U
99 14 2.24 0.12 2.95 2.29-3.80 1.15 0.10
IL!
603 14 1.69 0.07 2.63 2.04-3.39 1.32 0.11
(G
O
hl/mol N from linear regression g chl = antilog (a) x mol Nb from log/log regression
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Table (II) 7 Summary of Regressions of Chlorophyll a Against
Particulate Nitrogen for Diatoms under Different
Light Regimes
Temp.
(°C)
Light Daylight
(Hours)
Type 3 St.
error
b St.
error
Tdf p rz
(PE m`2s")
1 2
ILÄ±
24 log/log 0.37 0.10 0.81 0.11
O
0.00 92.3
Ik]
12 24 linear 0.18 0.06 2.05 0.35
O
0.00 87.4
IU
71 24 log/log 0.16 0.22 0.81 0.21
IO
0.00 61.7
-L1
71 24 linear 0.06 0.06 1.71 0.39
IO
0.00 67.7
ï¬Ll
99 24 log/log 0.45 0.34 1.17 0.29
O
0.01 75.8
1LÄ±
99 24 linear 0.02 0.03 1.81 0.25
O\
0.00 91.5
»-LÄ±
1203 24 log/log 0.31 0.24 1.46 0.21
O\
0.00 90.2
-ºL!
1203 24 linear -0.01 0.01 0.90 0.08
O
<0.05 96.3
Table (II) 8 Yield of Chlorophyll a from PN
Temp. Light
(°c) (a m'2s")
Daylight
(Hours)
Linear - St.
g chl/molN error
log/log
antilog
(2)
y = pg chl/cell x = pmol N/cell y = a + bx Tdf = total degrees of freedom
Power
(b)
Sr.
CITOI'
IL1
12 24 2.05 0.35 2.36 0.82 0.11
-L1
71 24 1.71 0.39 1.44 0.81 0.21
1U±
99 24 1.82 0.24 2.84 2.19-6.21 1.17 0.29
IU
1 203 24 0.90 0.08 2.01
St.
error
1.87-2.97
0.87-2.39
1.16-3.51 1.46 0.21
G
O
hl/mol N from linear regression g chl = antilog (a) x mol Nb from log/log regression
Table 111! 9 Summary of Regressions of Chlorophyll a Against
Particulate Nitrogen for Diatoms under Different
Light Regimes
Daylight
(Hours)
Type a St. b St.
CfI`OI` Cl'I`0l`
Tdf p rz
24 log/log 0.18 0.30 0.29 0.24
--
0.31 33.7
24 linear 0.45 0.19 3.49 3.25
--
0.36 27.8
24 log/log 0.31 0.20 0.89 0.18
-Ã¤
0.02 88.8
Temp. Light
<°C> < B m'*s">
18 7
18 7
18 170
18 170 24 linear 0.04 0.06 2.25 0.64
->
0.04 80.4
y = pg chl/cell x = pmol N/cell y = a + bx Tdf = total degrees of freedom
Table (II) 10
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Yield of Chlorophyll a from PN
Temp. Light
(°c) (a m'2s")
Daylight
(Hours)
Linear - St.
g chl/molN error
(2)
log/log St. Power
antilog error
St.
error(b)
18 7 24 3.49 3.25 1.51 0.76-3.02 0.29 0.24
18 170 24 2.25 0.64 2.06 1.29-3.24 0.90 0.18
b
g chl/mol N from linear regression g chl = antilog (a) x mol N from log/log regression
Table (II) 11 Summary of Regressions of Chlorophyll a Against
Particulate Nitrogen for Dinoagellates under
Different Light Regimes
Daylight
(Hours)
Type a St. b
error
s. Tdf p R
CITOT
24 log/log -0.78 0.26 1.57 0.17
l)
0.07 98.8
24 linear -20.90 3.80 2.00 0.09
[
0.03 99.8
24 log/log -0.49 1.52 1.39 0.90
I
0.37 70.6
Temp. Light
<°Cº < m'2s"âº
18 7
18 7
18 170
18 170 24 linear 1.00 120.2 1.69 2.17
[
0.58 37.7
y = pg chl/cell x = pmol N/cell
Table 111) 12 Yield
y = a + bx Tdf = total degrees of freedom
of Chlorophyll a from PN
Temp. Light
<°Cº <E m'2s-'âº
Daylight
(Hours)
(a)
Linear- St. log/log St.
gchl/molN error antilog error
Power St.
(b) error
18 7 24 2.00 0.09 0.17 0.09-0.30 1.57 0.17
18 170 24 1.69 2.17 0.32 0.01-10.70
b
1.39 0.90
g chl/mol N from linear regression g chl = antilog (a) x mol N from log/log regression
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Table §11) 13 Summary of Regressions of Chlorophyll a Against
Particulate Nitrogen for Green Flagellates under
Different Light and Temperature Regimes
b St.
error
Tdf P r2
0.66 0.62
IJ
0.48 52.6
18 7 24 linear 2.35 5.00 9.78 9.36
[
0.49 52.2
22 165 24 log/log 1.98 0.12 2.96 0.16
U
0.00 99.4
Temp. Light Daylight Type a St.
(°C) ( E m'2s") (Hours) error
18 7 24 log/log 1.06 0.17
22 165 24 linear -1.01 0.12 9.00 0.69
U
0.01 98.8
Table {II} 14 Yield of Chlorophyll a from PN
Temp. Light Daylight Linear - St.
(°C) (E m`2s") (Hours) g chl/molN error
(21)
y = pg chl/cell x = pmol N/cell y = a + bx Tdf = total degrees of freedom
log/log St. Power
antilog error (b)
St.
error
18 7 24 9.78 9.36 11.48 7.71-16.98 0.66 0.62
22 165 24 9.00 0.69 95.50 71.75-127.12 2.96 0.16
g chl/mol N from linear regression g chl = antilog (a) x mol Nb from log/log regression
Table 1112 15 Summary of Regressions of the Yield () Against
Light for Diatoms
Tdf rzIntercept
' St. enor Slope ` St. error2 0341 0 1212 -0 0008 0 0002 ` 5 l-5.00 78.5
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APPENDIX (111)
Mixing Experiments
Green Dye Test for Determining General Mixing
Introduction
An experiment was carried out to ensure that large magnetic stirrer bars and pumped in
filtered air would produce adequate mixing in the reactors. It was important to ensure
that settling out did not occur during the course of an experiment as this would have
prevented sampling from being homogenous. Good mixing also brings the
microplankton population into contact with nutrients so that uptake and growth can
occur.
Method
A microcosm was assembled so that the reactor received diluent from the reservoir at a
dilution rate of 0.2 d`l using continuous culture techniques. 10 litres of tap water were
measured into the reactor and spiked with a concentrated green dye. As water from the
reservoir owed into the reactor it diluted the green dye, if thorough mixing was
occuning then the concentration of the dye should diminish at an exponential rate.
Changes in the concentration of the dye were measured spectrophotometrically at its
maximum absorbance wavelength of 630 nm. The log of the absorbance was regressed
against time in order to obtain the slope which should equate to the dilution rate if good
mixing was occurring. An identical set-up in which the reactor contained only tap water
was used as a control. The experiment lasted for a period of 9 days.
Results
The results of the green dye mixing experiment are shown in Tables (111) l and (IH) 2.
Regressions were performed of time versus log absorbance (630 nm) for the mixing
treatment and for the controls and are shown in Figures (III) 1 and (HI) 2.
Time (hours) Absorbance (630 nm) Log Absorbance (630 nm)
0.00 0.064 2.749
5.33 0.067 -2.703
22.00 0.062 -2.781
29.00 0.057 -2.865
46.17 0.046 -3.079
52.94 0.047 -3.058
70.93 0.040 -3.219
77.18 0.038 -3.270
93.76 0.030 -3.507
101.34 0.028 -3.576
121.34 0.026 -3.650
125.54 0.025 -3.689
144.42 0.019 -3.963
149.75 0.017 -4.075
166.73 0.017 -4.075
172.71 0.015 -4.200
189.91 0.014 -4.269
195.41 0.011 -4.510
Table (III) 1 Results of Green Dye Test - Treatment
Time (hours) Absorbance (630 nm) Log Absorbance (630 nm)
0.00 0.038 -3 .270
3.08 0.080 -2.526
19.83 0.097 -2.333
26.67 0.093 -2.375
43.83 0.094 -2.364
50.67 0.098 -2.323
68.60 0.092 -2.386
74.85 0.096 -2.343
91.43 0.094 -2.364
99.01 0.096 -2.343
119.01 0.093 -2.375
123.21 0.095 -2.354
142.09 0.093 -2.375
147.42 0.090 -2.408
164.40 0.091 -2.397
170.38 0.090 -2.408
187.58 0.091 -2.397
193.08 0.093 -2.375
Table (III) 2 Results of Green Dye Test - Control
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Figure (III) 1 Regression of time versus absorbance for the mxng Treatment
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Figure (III) 2 Regression of time versus absorbance - Control
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The regression of log of absorbance at 630nm against hours produced a slope of -0.009
for the treatment, and there was a good negative correlation with R2 = 98.7. The slope
was -0.0003 for the control. The treatment slope was adjusted by subtracting the value
of the control slope giving a corrected slope of -0.0087.
Conclusions
The rate of change in the absorbance of the dye was very similar to the expected dilution
rate of 0.2 d`1 which corresponds to 0.00882 h`1. It was therefore concluded that mixing
of dissolved components in the reactor was acceptable.
Test to Determine whether Particulates were Settling Out
An identical experiment to the dye test was undertaken using heat-killed phytoplankton
instead of green dye to ascertain whether settling out was occurring in the reactor.
Unfortunately, the experiment was not successful, possibly because the heat-killed
phytoplankton had lysed and degradation was occurring. However, no settling out of
phytoplankton was observed by eye, and it was concluded that mixing was adequate to
prevent the settling out of the particulate components of the reactor.
322
APPENDIX (IV)
Table (IV)Guillard's Medium (f/2+Silicate)
Amounts per 10003123
NaNO3 0.075 g
NaH2PO4.2H2O 0.00565 g
3Trace elements - stock solution (1) 1.0 cm
Vitamin mix - stock solution (2) 1.0 cm3
Make up to 1000 cm3 with filtered natural seawater
Adjust pH to 3.0 - 4.0 with HCI
Add Sodium metasilicate - stock solution (3) 0.3 cm3
Adjust pH to 8.0 with lN NaOH or 1N HCI
Stock Solutions
l) Trace elemgÃ Amounts per 1000 cm3
Na2EDTA 4.360 g
FCCl3.6H2O 3.150g
CuSO4.5H2O 0.010 g
ZnSO4.7H2O 0.022 g
CoCl2.6H2O 0.010 g
MnCl2.4H2O 0.1s0g
N&2MO4.2H2O 0.006 g
Jåitni Mix. Amounts ger 1000 cm3
Cyanocobalamin (vitamin B12) 0.0005 g
Thiamine HC1 (vitamin B1) 0.1 g
Biotin 0.0005 g
§3! Sodium metasilicate Amounts per 1000 cmf
N8.2SlÜ3.5H2O 100.00 g
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APPENDIX V
Test to Determine whether Overnight Soaking in 90% Acetone
was Producing Chlorophyll a Breakdown Products
Introduction
Problems with the Chlorophyll extraction method were encountered during the Spring
Experiments. It was suspected that soaking ovemight in 90% acetone was degrading
Chlorophyll a and producing the breakdown products chlorophyllide a and pheophorbide
a. In order to ascertain whether this was occurring measurements of Chlorophyll a and its
breakdown products were obtained by sonication either with or without ovemight
soaking in 90% acetone.
Method
Duplicated analysis of some microcosm samples was carried out during Spring
Experiment 2 in order to determine whether Chlorophyll a breakdown products were
being produced by soaking ovemight in 90% acetone. The phytoplankton sample was
inveed to obtain an homogeneous mixture and 0.20 litre aliquots were filtered through
25mm diameter GF/F filters using pressures less than 250 mm Hg. After filtration the
filters were folded and inserted into 14 ml polypropylene Centrifuge tubes. The
following treatments were then carried out:
1. immediate addition of 8 mls of 90% acetone to the sample which was then left in the
fridge to soak ovemight. The next day the sample was sonicated for 5 minutes and
then Centrifuged for 2 minutes.
2. the Centrifuge tube was put into a 200 ml beaker full of ice. 8 mls of 90% acetone
were added and the sample was immediately sonicated for 5 minutes and then
Centrifuged for 2 minutes.
The samples were then analysed for chlorophyll a breakdown products using the same
gradient HPLC techniques as described in section 2.7.3.3.3.
Results
The ratio of pigments obtained using the two extraction methods indicated that there
were differences in the concentrations of chlorophyll a, chlorophyllide a and
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pheophorbide a produced by the two extraction techniques (Tables (V)1 - 3).
*Chlorophyllide a (SS) *Chlorophyllide a (S) Ratio (SS/S)
10.44 6.65 1.57
12.78 3.23 3.96
2.99 0.82 3.65
0.26 0.07 3.71
3.59 2.94 1.22
1.13 0.38 2.97
0.24 0.07 3.43
32.00 13.68 2.34
9.33 9.37 1.00
0.28 0.15 1.87
10.72 9.75 1.10
5.95 3.20 1.86
0.53 0.24 2.21
12.10 19.96 0.61
18.70 16.82 1.11
2.11 4.75 0.44
6.54 8.21 0.80
0.47 0.25 1.88
* units of chlorophyll a (ug/1). S - sonication SS - soaking and sonication
Table (VE Chlorophyllide a Obtained by Sonication or Soaking_
and Sonication
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*Pheopho-bide a (SS) *Pheophorbide a (S) Ratio (SS/S)
2.76 2.49 1.11
4.68 5.39 0.87
2.07 2.62 0.79
0.43 0.42 1.02
2.24 1.29 1.74
0.63 0.39 1.62
0.08 0.08 1.00
23.91 7.39 3.24
15.75 11.70 1.35
0.25
15.26
0.24
14.82
1.04
1.03
5.70 3.29 1.73
0.13 0.12 1.08
16.81 12.53 1.34
14.26 18.38 0.78
12.55 5.51 2.28
12.87 8.97 1.43
0.52 0.34 1.53
* units of chlorophyll a (ug/1). S - sonication SS - soaking and sonication
Table (V)2 Pheophorbide a Obtained by Soaking or Soaking and
Sonication
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Chlorophyll a (SS) (gg/I) Chlorophyll a (S) (Hg/I) Ratio (SS/S)
3.00 7.76 0.39
7.03 11.57 0.61
2.27 3.74 0.61
0.67 0.79 0.85
0.68 3.71 0.18
0.89 1.82 0.49
0.52 0.70 0.74
3.05 40.14 0.08
1.05 20.54 0.05
0.58 0.75 0.77
1.38 15.18 0.09
1.12 6.72 0.17
0.63
4.07
0.89
34.07
0.71
0.12
3.31 16.40 0.20
0.20
0.93
12.67
10.81
0.02
0.09
0.71 0.85 0.84
S - sonication SS - soaking and sonication
Table (Vß Chlorophyll a Obtained by Soaking or Soakíng and
Sonícation
Before any statistical analysis could be carried out on the ratios it was necessary to find
out whether they were normally distributed. For each pigment the ratios were ranked
and then the following percentiles were determined: 0, 25, 50, 75 and 100. The
interquatile range, contained between 25 and 75 percentiles, contains 50% of the data
values, if the ratios were normally distributed then the median data value should occur
approximately halfway between them. Figures ( V)1 - (V)3 show the results as Box and
Whisker diagrams.
Figure §V[1 Box and Whisker Graphs for Chlorophyllide a Ratios
Figure 1V 12
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Figure §V23 Box and Whisker Graphs for Chlorophyll a Ratios
The Box and Whisker diagrams indicated that the ratios were approximately normally
distributed and two-tailed Student's t-tests could be carried out to determine whether the
ratios were significantly different to 1. The test statistic for chlorophyllide a was 3.681
which was outside the critical range ± 2.898 for 17 degrees of freedom at the 99%
confidence level, therefore the ratios were significantly different from 1. The test
statistic for pheophorbide a was 2.715 which was outside the critical range ± 2.110 for
17 degrees of freedom at the 95% confidence level, therefore the ratios were
significantly different from 1. The test statistic for chlorophyll a was -8.404 which was
outside the critical range ± 2.898 for 17 degrees of freedom at the 99% confidence level,
therefore the ratios were significantly different from 1.
The statistical analysis showed that the two extraction techniques produced significantly
different concentrations of chlorophyll a and its breakdown products.
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Pigment Name Mean Ratio (S/SS) Standard Deviation
Chlorophyll a 0.64 0.16
Chlorophyllide a 0.26 0.17
Pheophorbide a 0.29 0.16
S - the pigment obtained using sonication
SS - the sum of pigments obtained using soaking and sonication
Table QVQ4 Ratios of Pigments Obtained by Sonication and Total
Pigments Obtained by Overnight Soaking and
Sonication
The mean ratios, shown in Table (V)4, were used to correct the estimates of chlorophyll
a products measured using HPLC techniques during Spring Experiment 2.
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APPENDIX VI
An Experiment to Deternine which is the Best Sonication
Time for the Extraction of Chlorophyll a from Samples
Introduction
An experiment was carried out to ascertain the best sonication time for the extraction of
the main pigments of interest: chlorophyll a, chlorophyllide a, pheophorbide a and
chlorophyll c. Pheophytin a occurred infrequently and only in very small concentrations
and chlorophyll b was only present in extremely low concentrations in the Scottish west
coast microplankton used throughout the study.
Method
A mixture of cultured phytoplankton species were obtained from the culture collection at
Dunstaffnage Marine Laboratory: Nitzschia closterium (1052/1A), Skeletonema
costatum (1077/5), Gymnodinium simplex (1117/3), Chaetoceros calcitrans fo. Pumilus
(1010/1 1), Thalassiosira pseudonanadino (1085/12). Each genus was chosen to
represent some of the main algal groups that are present during Spring blooms in waters
off the west coast of Scotland.
The flask containing the phytoplankton was diluted with 2 litres of filtered sea water to
make any extracted pigments less concentrated. The flask was then gently inverted
several times to obtain an homogenous mixture and 0.02 litre aliquots were filtered
through 25 mm diameter Whatman GF/F filter papers using pressures less than 250 mm
Hg. The filter papers were removed from the filtration manifold using forceps, folded 4
times, placed into 14 ml polypropylene centrifuge tubes and put into a freezer.
Three treatments were carried out to ascertain the most efficient sonication time for the
extraction of chlorophyll a, its breakdown products and chlorophyll cz
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0 1 minute sonication, 2 minutes centrifugation
0 3 minutes sonication, 2 minutes centrifugation
0 5 minutes sonication, 2 minutes centrifugation
Sonication was carried out using a Soniprep 150 with a 4 mm diameter probe tip. This
instrument is capable of producing 14 - 18 microns of amplitude at full power. A
Desaspeed LC-1 centrifuge was used to separate the pigment supernatant from
phytoplankton and filter debris after each sonication using a speed of 3000 rpms. After
extraction a step-isocratic HPLC method was used to separate out the pigments as
described in section 2.7.3.3.3. The HPLC set-up used is described fully in section
2.7.3.3.2 and the sample preparation prior to injection into the HPLC is described fully
in section 2.7.3.3.4.
Results
The areas produced by the HPLC for chlorophyllide a, chlorophyll c, pheophorbide a and
chlorophyll a are shown in Tables VI(1) - VI(4). Figures VI( 1) - VI(4) are histograms
comparing the mean HPLC areas produced by the pigments after each treatment. All
error bars are ± standard errors of the mean.
HPLC Areas for Chlorophyllide a
1 minute sonication 3 minutes sonicatíon 5 minutes sonication
168336 164411 172745
145436 160059 143960
139776 197928 142096
105147 153776 187002
194518 158456
Table VI(1) HPLC Areas Produced by Chlorophyllide a
147370
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HPLC Areas for Chlorophyll c
1 minute sonication 3 minutes sonication 5 minutes sonicaton
26004 51300 63732
20498 54340 61354
29112 55984 62580
27504 60142 60474
42803 51492 62143
Table VI(2) HPLC Areas Produced by Chlorophyll c
HPLC Areas for Pheophorbide a
1 minute sonication 3 minutes sonication 5 minutes soncaton
7713 8914 4324
7987 6944 5540
6750 7384 7294
6889 8658 12861
8620 2922 7592
Table VI(3) HPLC Areas Produced by Pheophorbide a
HPLC Areas for Chlorophyll a
1 minute sonication 3 minutes sonication 5 minutes soncaton
182589 201863 214825
184067 205911 218472
205023 205480 219573
192157 211354 214157
194444 208625 222402
Table VI(4) HPLC Areas Produced by Chlorophyll a
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In order to carry out statistical analysis on the data it was first necessary to find out if it
was normally distributed. A regression of mean against standard deviation showed a
relationship between the two parameters which was not acceptable if parametric analysis
was to be carried out on the data. The relationship between the standard deviation and
the mean was approximately 1.5 deciles/2 deciles which suggested that a logarithmic or
square root transfonnation of the data was required. Taking the logarithms of the data
also gave a relationship but taking the square root gave a more random spread of points
(Figure VI(5)) and this transformation was chosen to normalise the data prior to
statistical analysis.
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Figure VI(5) Plot of the mean versus standard deviation for square root
transformed ligment data
The data were checked for normality using the Anderson-Darling test and for
homogeneity of variance using the Bartlett test. One data-set out of the twelve data-sets
tested for normality showed a non-normal distribution, but as there is a one in twenty
probability of a non-normal distribution occurring by chance at the 95% level of
confidence it was decided that parametric tests could still be carried out on the data. In
addition, the data-sets only contained five points which is a small number of replicates
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that may display more variability than a larger sample would have. Single factor analysis
of variance was carried out on the data for each pigment of interest, followed by a Tukey
test where appropriate, using Minitab version 12.21. One-way`ANOVA results are
shown in Tables VI(5-8). There were no significant differences between treatments for
pheophorbide a and chlorophyllide a. For chlorophyll c the 1 minute sonication
treatment produced significantly lower pigment concentrations compared to both the 3
minute and 5 minute sonication treatments, but there was no significant difference
between the concentration of pigment obtained using 3 minute and 5 minute treatments.
For chlorophyll a there were significant differences between all treatments with 5 minute
sonication producing the greatest concentration of pigment.
Source DF SS MS F
Treatment 2 662947489 331473745 0.54 0.595
Error 12 7.332 X 109 610999159
T6161 14 7.995 X 10Â°
Table VI(5) ANOVA table for chlorophvllide a
Source DF SS MS F
Treatment 2 2.973 x 109 1.487 x 109 53.54 0.000
Error 12 333183559 27765297
Total 14 3.307 X 109
Table VI(6) ANOVA table for chlorophyll c
Source DF SS MS F
Treatment 2 1 182693 591346 0.1 0.902
Error 12 68334655 5694555
Total 14 69517348
Table VI(7) ANOVA table for pheophorbide a
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Source DF SS MS F
Treatment 2 1.732x109 865866761 24.49 0.000
Error 12 424221400 35351783
Tom 14 2.1s6º<1o9
Table VI(8) ANOVA table for chlorophyll a
Conclusions
The length of time that a sample was sonicated for did not appear to significantly change
the concentrations of chlorophyll a breakdown products present although there was more
variability of pheophorbide a at longer sonication times. Longer sonication times than 5
minutes were not used as the tip of the sonicator gives out a lot of heat, i.e. instantaneous
temperatures of 10,000°K (Alliger, 1975) and there is the possibility of solvent
evaporation or degradation of pigments. A sonication time of 5 minutes appeared to give
the best results for chlorophyll a and c extraction and this was the method used during
the Spring Experiment 2 and the Summer and Autumn Experiments.
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APPENDIX VII
Recipe for. Lugol's Solution
Ingredients
Potassium iodide -6 g
Iodine crystals - 4 g
Distilled water - 100 mls
Method
Add 6 g of potassium iodide to 100 mls of distilled water, then add 4 g of iodine crystals
and dissolve (best to leave overnight).
Data used for Estimating the Error in the Counting Method
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APPENDIX VIII
Table (VIII)l Data for Estímating the Coefficient of Variation
Phytoplankton Name
and the Standard Deviation for Abundant Species
n df IIS sz (log
cells/I)
Mean (log Zdf
cells/1)
Coefficient of
Variation
Asterionellopsis sp.
lJ
,
,1
0.000 3.000
,
0.000
Auxospores
[
1
U
0.128 9.335
D
0.066
Ceratium sp.
lJ
-
l3
0.398 6.844
N
0.130
Cerataulina sp.
N
,1
U
0.148 15.321
U
0.056
Chaetoceros sp.
N
,1
IO
0.199 26.340
-±O
0.054
Ciliates
lJ
,
\
0.199 23.347
\
0.057
Dinophysis sp.
lJ
,
,1
0.097 3.408
,
0.091
Ditylum brightwellii
N
1
k!
0.284 14.522
L!
0.082
Eucampia zoodiacus
IJ
-
-Ã¤
0.008 12.053
->
0.015
Goryaulax sp.
l)
,
L\
0.157 15.334
U
0.058
Guinardia sp.
lJ
,1
U
0.050 9.179
D
0.042
Heterotrophic sod*
I
,1
O
0.040 18.122
O
0.027
Lauderia borealis
I
,1
O¬
0.201 17.397
O
0.064
Leptocylindricus sp.
Mesodinium sp.
k\)l\)
º-»I
O\O\
0.159
1.068
18.321
17.490
O\O\
0.053
0.145
Nitzchia sp.
l)
,
>1-
0.188 28.318
,1
0.051
Pennates (large)
I
,
,1
0.097 3.408
,1
0.091
Prorocentrales sp.
I
,1
11
0.042 3.247
,
0.063
Protoperidinium sp.
[
,
,11
0.632 28.871
,1,
0.091
Rhizosolenia sp.
I
,1
\
0.562 20.845
\
0.095
Scrigpsiella sp.
N
-
O
0.138 17.290
O
0.053
Skeletonema costatum
lJ
,4
,1,1
0.031 28.084
-1
0.021
Thalassiorema sp.
[
,1
lJ
0.222 6.555
I)
0.102
Thalassiosira sp.
N
,1
,1,
0.233 28.378
,1,1
0.056
_,1
Tabe (vum Data for Estimating Coefficient of Variation and
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Phytoplankton Name
Standard Deviation for less Abundant Species
Rdl Rd2 sd mean (sd/mean)+1 logarithmic
standard
deviation
Asteriorellopsis sp.
U
O
2.12 2.413 0.383
Auxospores
O
11
0.71 2.420 0.384
Cerataulira sp.
O
U
3.54 2.416 0.383
Cerataulina sp.
O
-
0.71 2.420 0.384
Ceratium sp.
O
I
1.41 2.410 0.382
Ciliates
O
-Ã¤
2.83 2.415 0.383
Dinophysis sp.
O
-±
0.71 2.420 0.384
Ditylum brightwellii
,
O
0.71 2.420 0.384
Ditylum brightwellii
O
1
0.71 2.420 0.384
Eucampia sp.
->
O
2.83 2.415 0.383
Eucampia sp.
O
I
1.41 2.410 0.382
Eutreptiella sp.
I
O
1.41 2.410 0.382
Eutreptiella sp.
O
I
1.41 2.410 0.382
Eutreptiella sp.
O
,
0.71 2.420 0.384
Eutreptiella sp.
O
,1
0.71 2.420 0.384
Eutreptiella sp.
O
-
0.71 2.420 0.384
Goryaulax sp.
l)
O
1.41 2.410 0.382
Guinardia sp.
O
,
0.71 2.420 0.384
Guinardia sp.
,1
O
0.71 2.420 0.384
Heterotrophic sod*
O
,1
0.71 2.420 0.384
Lauderia
sp.O
->
2.83 2.415 0.383
Lauderia sp.
O
4
0.71 2.420 0.384
Mesodinium sp.
O
D
2.12 2.413 0.383
Mesodinium sp.
O
,1
0.71 2.420 0.384
Pennates (large)
,1
O
0.71 2.420 0.384
Pennates (large)
O
-±
0.71 2.420 0.384
Pennates (large)
I
O
1.41 2.410 0.382
Pennates (large)
l-
1.41 2.410 0.382
Prorocertrales sp.
,1
O
0.71 2.420 0.384
Prorocentrales sp.
U3
O
2.12 2.413 0.383
Prorocentrales sp.
O
O
5.66 2.415 0.383
Rhizosolenia sp.
O
l)
1.41 2.410 0.382
Scrippsiella sp.
U±
O
3.54 2.416 0.383
Scrippsiella sp.
O
l>
1.41 2.410 0.382
Scrippsiella sp.
lJ
O
1.41 2.410 0.382
Stepharopyxis turris
O
O
5.66 2.415 0.383
Stephanopyxis turris
,
O
0.71 2.420 0.384
Stephanopyxis turris
O
\
4.95 2.414 0.383
Stephanopyxis turris
O
->
2.83 2.415 0.383
Thalassionema sp.
O
J~
2.83 2.415 0.383
Thalassionema sp.
O
O
4.24 2.413 0.383
Thalassionema sp.
,
O
0.71 2.420 0.384
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The logarithmic standard deviation is equivalent to the coefficient of variation for this
dataset.
Abbreviatíons
*sod = small orange dinoagellates
n = number of data values in each sample
df = degrees of freedom (n-1)
ns = number of samples containing each species
sz = variance
Zdf = sum of the degrees of freedom for each species
Rdl = raw data 1
Rd2 = raw data 2
sd = standard deviation
The Yield of Chlorophyll a from Nitrogen - q
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APPENDIX IX
Table (IX)l g Determined using TRI/DAIN* - Spring Experiment 1
Yield of Chlorophyll a from DAIN
Microcosms*
Day
2
4 1 .38 1.62 1.48 1.40 1.78 2.08
6 1.11 1.48 1.37 1.50 1 .72 0.95
8 0.77 1.13 1.18 1.34 1 .27 0.60
10 0.72 0.91 0.98 1.30 1 .03 0.56
12 0.65 0.89 0.90 1.27 1 .04
1 2 3 4 5 6
1.50 1.71 1.62 1.54 1 .68 2.25
0.61
Table (IX)2 g Determined using TRI/DAINJ' - Spring Experiment 2
Yield of Chlorophyll a from DAIN
Microcosms*
Day
FÃU
3.37 1 .74 2.82 2.63 2.51 2.24
U
2.41 1.59 1 .73 1.87 2.26 1.48
\
1.50 0.84 1.37 1.31 1.55 0.88
\
0.93 0.66 0.82 0.85
1 2 3 4 5 6
2.11 1.83 2.20 2.24 1 .63 1.70
1.15 0.64
Table (IX)3 g Determined using TRI/DAIN* - Summer Experiment
Microcosms*
Day 1 2 3 4 5 6
[
ND ND 2.57 2.27 1.27 1.87
l¡
ND ND 1 .42 1 .09 0.62 1.07
O
ND ND 1.10 0.86 0.46 0.73
Â®
ND ND 1.08 0.94 0.49 0.69
Ä±Q
ND ND 1.02
Yield of Chlorophyll a from DAIN
0.87 0.50 0.66
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Table (IX)4 g Determined using TRI/DAIN* - Autumn Experiment
Microcosms*
Day 1 2 3 4 5 6
2 ND ND 3.59 2.33 1 .72 1.66
4 ND ND 2.18 1.48 1.34
6 ND ND 1.68 1.12 1.04
8 ND ND 1.58 1.43 1.01 0.92
10 ND ND 1.43 1 .32 0.93 0.88
12 ND
2.80
1.93
1.37
Yield of Chlorophyll a from DAIN
1 .33 0.87 0.86
Table (IX)5
ND
g Determined using TRI/PN* - Spring Experiment 1
Yield of Chlorophyll a from PN
Microcosms*
Day
NJ¤
1 .78 1.84
O
1 .39 1.72 1.67 2.01 1.99 1.30
W
1.06 1.43 1.57 1.80 1.56 1.05
)I3
0.93 1.30 1.76 1.30 1.06
12 0.95
1 2
2.34 2.46
1.19 .3 1 .73
3 4 5 6
2.09 2.07 1.71 1.21
1.88 2.08 2.01 2.19
1.30
1 1 1 .40 1.18
Table (IX)6 g Determined using TRI/PN* - Spring Experiment 2
Yield of Chlorophyll a from PN
Microcosms*
Day
b
0.81 2.35 2.17 1.94 1.91 2.20
U
1 .87 1.65 2.91 2.71 2.89 2.45
U
1 .73 1.32 1.84 2.05 2.58 1.89
\
1 .44 0.91 1 .72 1.49 1 .92 1.35
\
1.05 0.90 1.20 1.28 1 .60
123 456
1.14
Table (IX)7 g Determíned using TRI/PN* - Summer Experiment
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Yield of Chlorophyll a from PN
Microcosms*
Day 1 2 3 4 5 6
2 ND ND 2.28 1.97 1.44 2.13
4 ND ND 1.29 1.08 0.85 1.35
6 ND ND 1.04 0.81 0.69 1.07
8 ND ND 0.97 0.86 0.70 0.93
10 ND 0.89 0.82 0.70 0.91
Table (1x)s NDgDetermíned using TRI/PN* - Autumn Experiment
Yield of Chlorophyll a from PN
Microcosms*
Day
2
4 ND ND 2.53 2.08 1.67 1.55
6 ND ND 1 .73 1.85 1.45 1.42
8 ND ND 1.46 1.63 1.41 1.29
10 ND ND 1.45 1.57 1.34 1.29
12 ND ND 1 .48 1.58
1 2 3 4 5 6
ND ND 3.18 2.09 1.97 1.90
1.30 1.25
Table (IX)9 g Determíned using ACID/DAIN* - Spring Experiment 1
Yield of Chlorophyll a from DAIN
Microcosms*
Day
NJ¡
1.02 1.10 1 .07 0.93 1.04 ND
O
0.87 1.03 0.90 0.99 1.22 ND
Â®
0.63 0.86 0.85 0.94 0.89 ND
0.63 0.67 0.72 1.00 0.76 ND_
12 0.58 0.80 0.65 1.07 0.74
1 2 3 4 5 6
1.42 1.34 1.27 1.17 1.41 ND
ND
F345
Table (IX)10 g Determined using ACID/DAIN* - Spring Experiment 2
Yield of Chlorophyll a from DAIN
Microcosms*
FÃU
2.95 2.09 1 .74 1.53 1.57 1 .41
1.91
U
2.04 0.73 0.92 1.34 0.90
`
1.14 1 .08 1.07 0.62 0.85 0.50
Â©
0.86 0.83 0.50 0.49
Day 1 2 3 4 s 6
2.27 2.03 2.25 2.50 1.75 1.36
0.70 0.41
Table (IX)l1 g Determined using ACID/DAIN* - Summer Experiment
Yield of Chlorophyll a from DAIN
Microcosms*
4 ND ND 1.31 1 .04 0.57 1 .00
6 ND ND 1.01 0.86 0.45 0.70
8 ND ND 1.02 0.91 0.48 0.66
10 ND ND 1.00 0.89
Day 1 2 3 4 5 6
2 ND ND 2.52 2.18 1.26 1.82
0.50 0.65
Table (IX)12 g Determined using ACID/DAIN* - Autumn Experiment
Yield of Chlorophyll a from DAIN
Microcosms*
4 ND ND 2.29 2.15 1.53 1.34
6 ND ND 1.82 1.74 1.19 1.06
8 ND ND 1.51 1 .49 1.09 1.01
10 ND ND 1 .39 1 .38 1.00 0.94
12 ND ND 1.34 1 .42
Day 1 2 3 4 5 6
2 ND ND 3.61 2.40 1.75 1.77
0.95 0.92
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Table (IX)13 g Determined using ACID/PN* - Spring Experiment 1
Yield of Chlorophyll a from PN
Microcosms*
Day
2
4 1 .32 1.24 1 .36 1.38 1.17 ND
6 1.09 1 .20 1.10 1.32 1 .41 ND
8
10
0.86
0.82
1 .09
0.96
1.14
0.95
1 .27
1.35
1.10
0.96
ND
ND
12 0.84 1.07 0.94 1.46 1.01
1 2 3 4 5 6
2.22 1.93 1.63 1.57 1.43 ND
ND
Table (IX)l4 g Determined using ACID/PN* - Spring Experiment 2
Yield of Chlorophyll a from PN
Microcosms*
Day
PIU
1.63 1.99 1.79 1.58 1 .80 1.55
U
1.38 1.70 0.78 1.00 1.53 1.14
`
1.10 1.17 1 .34 0.71 1 .05 0.77
C
0.97 1.12 0.73 0.74
1 2 3 4 5 6
0.87 2.60 2.22 2.15 2.05 1.76
0.98 0.73
Table (IX)15 g Determined using ACID/PN* - Summer Experiment
Yield of Chlorophyll a from PN
Microcosms*
Day
2
4 ND ND 1.19 1.03 0.79 1.26
6 ND ND 0.96 0.81 0.68 1.02
8 ND ND 0.91 0.84 0.69 0.89
10 ND ND 0.87 0.84 0.69
1 2 3 4 5 6
ND ND 2.24 1.89 1.43 2.06
0.90
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Table (IX)l6 g Determined using ACID/PN* - Autumn Experiment
Yield of Chlorophyll a from PN
Microcosms*
Day 1 2 3 4 5 6
2 ND ND 3.19 2.16 2.00 2.03
4 ND ND 2.06 2.05 1.72 1 .55
6 ND ND 1 .63 1.91 1.55 1.46
8 ND ND 1 .40 1 .69 1.53 1.42
10 ND ND 1.42 1.64 1.44 1 .37
12 ND 1.46 1.69 1.42 1.35
Table (1x)17 g Determined using HPLC/DAIN* - Spring Experiment 2
Yield of Chlorophyll a from DAIN
Microcosms*
Day
PÃ(J
1.53 1 .01 1.94 1.86 1 .47 1 .64
U
1.38 0.62 1.21 0.87 0.89 0.97
\
0.75 0.44 0.74 0.59 0.79 0.69
\
Table (IX)l8
0.52
g Determined using HPLC/DAIN* - Summer Experiment
0.35 0.52 0.45 0.54
1 2 3 4 5 6
1.63 1.28 1.95 1.86 1.59 2.27
0.47
Microcosms*
Day 1 2 3 4 5 6
2 ND ND 1.81 1.56 0.86 1.37
4 ND ND 0.63 0.35 0.62
6 ND ND 0.63 0.50 0.27 0.47
8 ND ND 0.65 0.55 0.29 0.45
10 ND ND
0.78
0.62
Yield of Chlorophyll a from DAIN
0.51 0.30 0.44
Table (IX)19 g Determined using HPLC/DAIN* - Autumn Experiment
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Yield of Chlorophyll a from DAIN
Microcosms*
Day
2
4 ND ND 1.56 1.34 0.85 0.83
6 ND ND 1.00 1.00 0.66 0.58
8 ND ND 0.87 0.82 0.58 0.50
10
12
ND
ND
ND
ND
0.76
0.75
0.73
0.74
0.53
0.50
1 2 3 4 5 6
ND ND 2.13 1.65 0.93 0.95
0.48
0.46
Table (IX)20 g Determined using HPLC/PN* - Spring Experiment 2
Yield of Chlorophyll a from PN
Microcosms*
Day
)1b
0.85 0.78 1 .98 1.69 1.69 2.04
U
0.99 0.39 1.28 1.06 1.01 1.11
`
0.72 0.35 0.92 0.78 0.98 0.90
\
0.58 0.34 0.76 0.7
1 2 3 4 5 6
0.63 1.34 1.85 1.96 1.86 2.41
1 0.76 0.80
Table (IX)21 g Determined using HPLC/PN* - Summer Experiment
Yield of Chlorophyll a from PN
Microcosms*
Day
2
4 ND ND 0.71 0.63 0.48 0.78
6 ND ND 0.60 0.47 0.40 0.68
8 ND ND 0.59 0.51 0.41 0.61
10 ND ND 0.54 0.48 0.42
1 2 3 4 5 6
ND ND 1.60 1.36 0.97 1.56
0.60
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Microcosms*
Day 1 2 3 4 5 6
2 ND ND 1.88 1.48 1.06 1.09
4 ND ND 1.41 1.28 0.96 0.96
6 ND ND 0.89 1.10 0.86 0.80
0.93 0.82 0.70
10 ND ND 0.77 0.87 0.76 0.70
8 ND ND 0.80
12 ND ND 0.81
Yield of Chlorophyll a from PN
0.87
Table (IX)22 g Determined using HPLC/PN* - Autumn Experiment
0.75 0.66
* Key
Microcosms 1 and 2 are controls
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
+ Methods of Calculating g
TRI/DAIN -
TRI/PN -
ACID/DAIN -
ACID/PN -
HPLC/DAIN -
HPLC/PN -
Chlorophyll a determined by high performance liquid
chromatography / dissolved available inorganic nitrogen
Chlorophyll a determined by high performance liquid
chromatograph / particulate nitrogen
Chlorophyll a determined by spectrophotometric methods using
trichromatic equations / dissolved available inorganic nitrogen
Chlorophyll a determined by spectrophotometric methods using
trichromatic equations / particulate nitrogen
Chlorophyll a determined by spectrophotometric methods and
acidification / dissolved available inorganic nitrogen
Chlorophyll a determined by spectrophotometric methods and
acidification / particulate nitrogen
FAPPENDIX X
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Results of Two-Way ANOVAs Testing for Significant
Differences in q due to the Effects of Treatment and Season
Table 1X±1 Two-Way ANOVA for Maximum q Determined
Source SS MS F P % Error
Season
D
0.05542 0.01847 3.80 0.058 22
Treatment
_±
0.03901 0.03901 8.03 0.022 46
Interaction
D
0.06982 0.02327 4.79 0.034 27
Error DrÄ±
O
0.03885
using the TRI/DAIN Method
0.00486
Table §X[2 Two-Wav ANOVA for Day 8 q Determined using
Source SS MS F P % Error
Season
U)
0.0837 0.0279 2.26 0.159 19
Treatment
.±
0.0961 0.0961 7.77 0.024 66
Interaction
U
0.0254 0.0085 0.68 0.587 6
Error DFI
O
0.0989 0.0124
the TRI/DAIN Method
Table§X23 Two-Wav ANOVA for Maximum q Determined
Source P % Error
Season
l)
001712 0 00856 0.329 6
Treatment
Ä±
0.12201 0.12201 19.19 0.005 89
Interaction
l)
0.00082 0.00041 0.06 0.938 0
Error
O\
0.03815
using the ACID/DAIN Method
DF SS MS F
_ . 1.35
0.00636
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Table 1X)4 Two-Wav ANOVA for Day 8 q Determíned usíng_
Source SS MS F P % Error
Season
I
0.20982 0.10491 13.14 0.006 58
Treatment
-
0.05880 0.05880 7.37 0.035 32
Interaction
I
0.02135 0.01068 1.34 0.331 6
Error url
O\
0.04790
the ACID/DAIN Method
0.00798
Table1X)5 Two-Way ANOVA for Maximum q Determíned
Source SS MS F P % Error
Season
lJ
0.06200 0.03100 5.52 0.044 20
Treatment
Ä±
0.11105 0.11105 19.78 0.004 70
Interaction
I
0.02220 0.01110 1.98 0.219 7
Error
O
-I
0.03368 0.00561
using the HPLC/DAIN Method
Table §X[6 Two-Wav ANOVA for Day 8 q Determíned using_
Source F P % Error
Season
l)
005312 0 02656 5.32 0.047 26
Treatment
Ä±
0.05859 0.05859 11.73 0.014 57
Interaction
lJ
0.02571 0.01286 2.57 0.156 12 '
Error
O\
0.02997
the HPLC/DAIN Method
DF
1 ss Ms I I0.00500
rSpectrophotometric Data for Chlorophyll a and its
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APPENDIX XI
Table 1XI)1 Concentrations of Chlorophyll a Determined bv the
Breakdown Products
Trichromatic Method - Spring Experiment 1
Chlorophyll a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 2.47 2.47 2.47 2.47 2.47 2.47
1 4.76 4.79 5.50 5.56 6.88 4.25
3 19.89 18.16 46.55 45.51 56.69 24.98
5 13.13 15.33 35.50 35.28 67.32 78.93
7 8.60 11.00 28.06 34.92 59.00 19.15
9 2.56 6.14 20.08 26.75 28.01 2.63
11 2.65 3.97 11.19 25.60 14.56 5.06
13 1.95 2.13 8.56 22.00 21.95 13.53
Table g X112 Concentrations of Chlorophyll a Determined by the
Acidification Method - Spring Experiment 1
Chlorophyll a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 2.81 2.81 2.81 2.81 2.81 2.81
1 4.94 7.08 9.09 5.35 4.54 4.54
3 19.11 15.90 38.22 34.88 47.18 -48.38
5 9.22 11.09 26.33 22.72 35.82 40.63
7 6.82 8.29 17.37 22.45 44.77 -54.40
9 2.41 5.88 16.04 20.31 21.12 3.21
11 3.47 3.21 9.36 23.79 13.90 5.61
13 2.41 5.08 6.15 25.39 16.04 13.37
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Table §XI!3 Concentrations of Pheopigments Determined by the
Acidification Method - Spring Experiment l
Pheopigments (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 0.00 0.00 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 2.25 10.24 14.24 13.54 122.66
5 5.84 5.93 12.96 18.91 49.41 59.75
7 2.54 3.69 16.02 18.80 19.59 120.73
9 0.00 0.00 5.11 8.69 9.76 0.00
11 0.00 0.53 2.06 0.72 0.00 0.00
13 0.00 0.00 3.39 0.00 8.47 0.00
Table 1XI 14 Concentrations of Chlorophyll a Determined by the
Trichromatic Method - Spring Experiment 2
Chlorophyll a (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 2.27 2.27 2.28 2.44 3.88 2.55
1 3.41 2.72 4.29 4.63 4.26 4.24
2 5.54 6.90 8.56 9.51 7.52 9.77
3 9.01 17.48 17.07 19.55 13.27 22.52
5 18.69 15.03 59.98 53.46 59.66 48.90
7 19.60 12.92 30.16 32.85 48.99 26.64
9 8.59 2.46 17.73 14.75 22.19 7.93
ll 0.91 0.80 1.33 1.68 8.27 1.79
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Table 1XI[5 Concentrations of Chlorophyll a Determined bv the
Acidification Method - Spring Experiment 2
Chlorophyll a (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 2.14 1.20 1.87 1.60 2.67 1.34
1 2.67 -1.87 4.01 4.54 4.81 5.08
2 4.93 0.44 8.28 9.79 8.33 10.02
3 9.09 17.38 17.11 21.12 14.43 19.78
5 15.77 16.97 36.89 31.27 37.69 32.08
7 14.70 16.57 10.69 15.24 28.87 16.57
9 5.61 . 3.21 21.38 6.15 10.96 4.28
11 2.14 0.54 1.60 2.94 6.42 2.41
Table 1XI±6 Concentrations of Pheopigments Determined bv the
Acidification Method - Spring Experiment 2
Pheopigments (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 0.21 3.21 1.68 2.59 3.63 3.50
1 1.07 7.11 0.11 -0.24 -1.07 -1.52
2 -1.09 -0.55 -1.49 1.73
3 -0.29 0.03 -1.20 -1.28 -2.08 2.86
5 3.50 0.96 35.52 34.40 33.41 25.74
7 -7.78 31.03 28.55 28.55 32.13 16.17
9 4.30
11 -1.02
-0.59
-0.16
-6.98
-0.67
13.87
-2.57
17.48
2.38
5.83
-1.28
Table 1XI 17 Concentrations of Chlorophyll a Determined by the
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Trichromatic Method - Summer Experiment
Chlorophyll a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 1.30 2.89 2.85 2.43 2.52 3.05
1 2.23 2.67 2.51 2.23 3.58 5.85
3 0.89 1.00 35.35 29.93 23.38 37.00
5 0.10 0.19 15.64 11.17 9.00 17.26
7 0.06 0.00 9.44 7.25 5.24 7.99
9 0.00 0.00 10.05 9.09 6.42 7.53
11 0.00 0.00 8.48 7.65 7.09 7.11
Table 1XIg8 Concentrations of Chlorophyll a Determined by the
Acidification Method - Summer Experiment
Chlorophyll a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 1.60 2.57 3.21 2.35 3.00 3.64
1 2.78 4.28 3.21 2.78 4.70 6.63
3 1.71 2.78 34.86 28.87 23.74 36.35
5 1.07 1.50 14.33 10.70 8.55 16.25
7 1.07 0.43 8.55 7.70 5.56 7.91
9 0.00 0.43 9.62 8.77 6.63 7.48
11 0.86 1.07 9.20 8.55 7.27 7.70
Table §XI)9 Concentrations of Pheopigments Determined bv the
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Acidificatíon Method - Summer Experiment
Pheopigments (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 0.00 0.13 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.94 0.24 0.00 0.36
7 0.00 0.00 0.73 0.00 0.00 0.00
9 0.94 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00
Table §XI!10 Concentrations of Chlorophyll a Determined bv the
Trichromatic Method - Autumn Experiment
Chlorophyll a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 3.69 3.90 3.98 3.82 3.92 3.73
1 2.84 2.92 8.91 4.23 3.11 3.38
3 0.62 0.81 49.35 31.95 29.28 28.79
5 0.05 0.15 36.98 29.46 23.41 21.41
7 0.00 0.17 19.00 18.55 14.08 13.73
9 0.00 0.08 10.89 12.09 11.08 10.35
ll 0.00 0.05 9.79 10.66 9.60 9.97
13 0.00 0.00 10.70 12.91 8.44 9.89
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Table 1XI[1l Concentrations of Chlorophyll a Determined by the
Acidification Method - Autumn Experiment
Chlorophyll a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 4.49 4.28 4.70 4.70 4.70 4.92
1 3.64 3.85 10.26 s.22 4.06 4.28
3 1.50 1.92 50.25 33.36 30.15 31.01
5 0.64 0.86 29.46 29.08 24.38 21.38
7 0.86 1.28 19.67 19.89 15.61 14.26
9 0.64 1.50 11.98 13.04 12.83 12.62
11 1.07 1.07 11.12 11.76 10.69 10.91
13 0.64 0.64 11.76 14.75 9.84 11.12
Table 1 XI [12 Concentrations of Pheopigments Determined by the
Acidification Method - Autumn Experiment
Pheopigments (ug/I)
Microcosms*
Day 1 2 3 4 5 6 i
0 0.00 0.00 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00
ass
* Key
Microcosms 1 and 2 are controls
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
A11 emboldened data has been calculated using exponential interpolation except for
where the mean of the data for the other microcosms was used instead. The mean was
used when concentrations decreased as this complicated performing an exponential
interpolation
i
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APPENDIX XII
HPLC Data for Chlorophyll a and its Breakdown Products
Table §XII±1 Concentrations of Chlorophyll a Determined by_
HPLC- Spring Experiment 2
Chlorophyll a (ug/I)
Microcosms*
Day 1 2 3 4 5 6
1 1.49 3.00 2.17 2.62 2.38 0.41
2 3.06 6.19 5.39 6.78 5.16 2.75
3 6.30 12.79 13.38 17.52 11.17 18.48
5 7.76 8.75 40.14 32.19 34.07 36.93
7 11.57 3.71 20.54 15.18 16.40 10.81
9
ll
3.74
0.79
1.82
0.70
5.80
0.75
6.71
0.89
12.67
3.62
3.45
0.85
Table 1XII[2 Concentrations of Chlorophyllide a Determined by_
HPLC - Spring Experiment 2
Chlorophyllide a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
1 1.06 1.82 1.40 1.63 1.51 0.53
2 1.90 3.49 3.13 3.84 2.98 2.25
3 3.46 6.68 6.98 9.03 5.88 9.51
5 6.65 4.67 13.68 16.32 19.96 18.67
7 3.23 2.94 9.37 9.75 16.82 8.21
9 0.82 0.38 1.25 3.20 4.75 1.16
11 0.07 0.07 0.15 0.24 0.00 0.25
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Table §XII)3 Concentrations of Pheopigments Determined bg
HPLC - Spring Experiment 2
Pheopigments (ug/l)
Microcosms*
Day 1 2 3 4 5 6
1 226 000 202 174 218 000
2 239 0J8 ZAO 249 322 0J0
3 252 362 286 356 476 124
5 498 406 1478 3496 2506 026
7 1078 258 2340 2964 3676 1794
9 524 078 474 658 1102 464
11 084 016 048 048 000 068
Table 1XII[4 Concentrations of Chlorophyll a Determined by_
HPLC - Summer Experiment
Chlorophyll a (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 209 236 248 223 211 236
1 180 235 235 201 289 423
3 174 152 2499 2075 1605 2707
5 075 063 810 618 496 939
7 035 037 536 399 302 528
9 025 045 634 533 391 533
11 030 029 548 454 435 502
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Table (XID5 Concentrations of Chlorophvllide a Determined by
HPLC - Summer Experiment
Chlorophyllide a (ug/I)
Microcosms*
Day 1 2 3 4 5 6
0 0.00 0.13 0.07 0.08 0.10 0.09
1 0.18 0.16 0.25 0.12 0.17 0.68
3 0.11 0.09 3.70 3.43 0.29 4.31
5 0.00 0.00 2.74 2.34 3.98 2.66
7 0.13 0.00 1.21 1.02 1.8.0 0.71
9 0.00 0.00 1.04 1.15 0.82 0.99
11 0.00 0.00 0.88 1.15 1.11 0.68
Table 1XII!6 Concentrations of Pheopigments Determined by_
HPLC - Summer Experiment
Pheopigments (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 0.20 0.09 0.24 0.16 0.00 0.22
1 0.42 0.14 0.30 0.20 0.24 0.30
3 0.00 0.00 3.14 1.94 2.14 1.32
5 0.00 0.00 3.68 3.70 2.12 2.70
7 0.00 0.00 2.04 1.90 1.18 1.24
9 0.00 0.00 1.92 1.86 1.04 1.00
ll 0.00 0.00 1.76 1.68 1.26 0.80
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Table 1XII [7 Concentrations of Chlorophyll a Determined by_
HPLC - Autumn Experiment
Chlorophyll a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 2.50 2.96 3.19 3.13 3.26 2.66
1 1.88 2.01 6.06 2.93 2.15 2.34
3 1.07 1.04 29.64 22.56 16.01 16.66
5 0.44 0.46 20.69 17.63 13.78 13.67
7 0.21 0.64 9.16 10.46 8.71 7.26
9 0.31 0.57 6.31 5.99 6.42 5.08
11 0.06 0.26
7
s.oo 4.96 5.24 5.15
13 0.06 0.20 6.05 6.36 4.97 4.71
Table 1 XII [8 Concentrations of Chlorophyllíde a Determined by_
HPLC - Autumn Experiment
Chlorophyllide a (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 0.12 0.15 0.18 0.16 0.14 0.41
1 0.16 0.26 0.97 0.32 0.60 0.22
3 0.00 0.15 6.20 3.79 2.58 2.16
5 0.00 0.00 7.60 4.93 3.82 3.40
7 0.00 0.00 3.31 3.95 2.77 2.27
9 0.00 0.00 1.45 2.11 1.86 1.65
11 0.00 0.00 1.28 1.63 1.50 1.38
13 0.00 0.00 1.27 1.87 1.15 1.51
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Table 1XII §9 Concentrations of Pheopigments Determined by_
HPLC - Autumn Experiment
Pheopigments (ug/l)
Microcosms*
Day 1 2 3 4 s 6
0 0.12 0.08 0.16 0.18 0.09 0.16
1 0.16 0.09 0.40 0.22 0.00 0.00
3 0.00 0.00 1.94 1.86 1.66 1.30
5 0.00 0.00 5.26 4.26 3.94 2.04
7 0.00 0.00 2.06 2.74 1.56 1.74
9 0.00 0.00 1.16 1.68 1.28 1.56
ll 0.00 0.00 0.44 1.24 1.10 1.00
13 0.00 0.00 0.48 0.82 0.82 1.06
* Key
Microcosms 1 and 2 are controls
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
A11 emboldened data has been calculated using exponential interpolation
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APPENDIX XIII
HPLC and Spectrophotometric Data for Accessory Pigments
Table §XIII[1 Concentrations of Chlorophyll b Determined by_
Spectrophotometric Methods - Spring Experiment 1
Chlorophyll b (ug/l)
Microcosms*
Day 1 2 3 4 s 6
0 0.00 0.00 0.00 0.00 0.00 0.00
l 0.00 0.00 0.00 0.00 0.00 0.00
3 0.61 1.03 2.77 3.80 5.29 1.05
5 0.29 0.70 1.41 1.27 1.39 1.51
7 0.45 0.69 1.07 0.65 3.01 0.00
9 0.00
11 0.00
0.19
0.00
1.18
0.00
1.81
2.07
1.77
0.40
0.00
0.00
13 0.00 0.00 0.05 0.00 0.76 0.58
Table 1 XIII 22 Concentrations of Chlorophyll c Determined by_
Spectrophotometric Methods - Spring Experiment 1
Chlorophyll c (ug/I)
Microcosms*
Day 1 2 3 4 5 6
0 0.00 0.00 0.00 0.00 0.00 0.00
1 0.00 0.02 0.00 0.12 0.00 0.00
3 0.61 1.83 6.12 5.70 5.92 3.17
5 0.29 1.91 4.16 4.64 10.62 11.70
7 0.45
9 0.00
1.17
0.09
3.01
1.86
4.75
2.79
8.77
3.11
0.00
0.00
ll 0.00 0.00 0.00 1.88 0.86 0.00
13 0.00 0.00 0.00 0.00 1.20 0.18
Table (XIII)3 Concentrations of Carotenoids Determined by_
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Spectrophotometric Methods - Spring Experiment 1
Carotenoids (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 L13 113 L13 L13 113 113
1 300 289 339 340
'
4.27 275
3 1367 1177 3086 2856 3716 1655
5 981 ILO9 2T65 2468 4773 5330
7 663 690 2112 2523 4417 1577
9 137 401 1350 1943 2132 249
11 207 272 815 1989 1123 347
13 065 187 569 1363 1274 896
Table (XIII)4 Concentrations of Chlorophyll b Determined by_
Spectrophotometric Methods - Spring Experiment 2
Chlorophyll b (ug/I)
Microcosms*
Day 1 2 3 4 5 6
0 006 -051 -004 017 -005 021
1 008 -240 035 037 O71 -028
2 010 016 068 009
3 -017 -046 O12 -220 O66 051
5 -032 011 -410 -226 -304 -210
7 -005 085 068 -030 L22 029
9 -093 -063 175 076 -208 072
11 1086 001 000 031 060 050
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Table (XIII)5 Concentrations of Chlorophyll c Determined by_
Spectrophotometric Methods - Spring Experiment 2
Chlorophyll c (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 0.31 -0.63 0.23 0.33 0.55 0.40
1 0.53 -2.29 1.32 1.44 1.66 0.17
2 2.06 1.32 1.97 0.68
3 1.67 1.44 3.22 1.21 2.34 2.75
5 3.82 1 .76 10.72 9.73 11.35 9.27
7 2.72 2.15 1.91 2.84 7.93 2.94
9 3.26 -1.23 -5.59 2.07 -0.60 0.03
ll -3.52 -0.02 0.08 0.52 1.37 0.18
Table (XIID6 Concentrations of Carotenoids Determined by_
Spectrophotometric Methods - Spring Experiment 2
Carotenoids (ug/I)
Microcosms*
Day 1 2 3 4 5 6
0 1.87 1.29 0.84 1.13 1.45 2.15
1 2.39 1.87 3.06 3.18 2.64 2.69
2 6.39 6.96 5.22 7.32
3 7.40 14.06 13.35 15.22 10.33 19.94
5 12.68 11.77 33.40 27.79 33.43 27.01
7 14.17 9.85 20.82 21.88 32.58 19.65
9 8.54 1.99 14.75 11.22 11.16 3.37
11 1.71 0.61 1.43 1.17 6.15 1.64
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Table (XIII)7 Concentratíons of Chlorophyll b Determined by_
Spectrophotometric Methods - Summer Experiment
Chlorophyll b (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 0.00 0.00 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 1.00 0.45 1.54 0.80
5 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00
Table (XIID8 Concentratíons of Chlorophyll c Determined by__
Spectrophotometric Methods - Summer Experiment
Chlorophyll c (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 0.00 0.00 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.66
3 0.00 0.00 7.18 5.73 4.20 7.48
5 0.00 0.00 2.89 1.78 2.45 2.81
7 0.00 0.00 1.42 0.73 0.80 0.96
9 0.00 0.00 4.61 1.40 0.97 0.89
ll 0.00 0.00 0.75 0.60 0.74 0.02
Table (XIII)9 Concentrations of Carotenoids Determined by_
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Spectrophotometríc Methods - Summer Experiment
Carotenoids (ug/I)
Microcosms*
Day 1 2 3 4 5 6
0 O99 230 L69 L42 158 L92
1 L52 L80 L52 L47 341 529
3 L89 212 2394 2Q24 1752 2423
5 LO8 097 1425 1067 976 1495
7 068 069 846 660 582 831
9 050 O38 924 777 654 792
11 Q26 071 844 696 743 682
Table (XIII)10 Concentrations of Chlorophyll b Determined bg
HPLC Methods - Summer Experiment
Chlorophyll b (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 OJO 015 OJ9 OJ7 019 O16
1 026 027 030 024 O33 O36
3 057 O34 287 2J6 258 293
5 000 000 O32 032 O30 144
7 000 000 090 000. 000 021
9 000 000 000 O00 O00 000
ll O00 000 000 000 090 000
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Table (XIII)ll Concentratíons of Chlorophyll c Determined by_
HPLC Methods - Summer Experiment
Chlorophyll c (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 0.23 0.24 0.33 0.35 0.39 0.40
1 0.87 0.45 0.53 0.43 0.46 0.84
3 0.00 0.00 2.76 3.60 4.39 6.03
5 0.00 0.00 1.45 2.14 1.87 2.23
7 0.73 0.47 0.90 1.07 1.03 1.24
9 0.44 0.73 1.18 0.93 0.51 0.60
11 0.00 0.00 0.67 0.92 0.94 1.12
Table (XIII)12 Concentratíons of Chlorophyll b Determined by_
Spectrophotometric Methods - Autumn Experiment
Chlorophyll b (ug/l)
Microcosms*
Day 1 2 3 4 5 6
0 0.47 0.21 0.34 0.15 0.00 0.05
1 0.00 0.00 0.28 0.00 0.00 0.00
3 0.00 0.00 0.10 0.23 0.58 0.28
5 0.00 0.00 0.00 0.35 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00 0.00 0.00
ll 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 2.92 0.00 0.00
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Table (XIII)l3 Concentrations of Chlorophyll c Determined by_
Spectrophotometríc Methods - Autumn Experiment
Chlorophyll c (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 1.09 1.12 1.05 0.61 0.46 0.49
1 0.28 0.40 1.57 1.93 0.37 0.27
3 0.00 0.00 10.22 6.11 5.89 4.37
5 0.00 0.00 8.65 7.23 5.01 4.56
7 0.00 0.00 3.43 3.62 2.77 2.45
9 0.00 0.00 1.69 2.31 1.86 1.50
11 0.00 0.00 1.83 2.90 2.25 2.14
13 0.00 0.00 2.11 s'.49 1.94 2.21
Table (XIII)l4 Concentrations of Carotenoíds Determined by_
Spectrophotometric Methods - Autumn Experiment
Carotenoids (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 5.59 ' 4.41 4.18 3.78 3.59 3.33
1 3.03 3.20 6.50 8.37 3.51 3.42
3 0.80 1.03 30.07 18.54 16.29 17.27
5 0.73 0.74 24.10 18.78 15.80 15.51
7 0.10 0.54 14.05 12.42 10.45 10.57
9 0.12 0.69 8.48 8.76 8.65 8.56
11 0.38 0.98 8.26 8.47 9.32 8.98
13 0.00 0.18 7.85 10.75 7.07 8.05
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Table (XIID15 Concentratíons of Chlorophyll b Determined by_
HPLC Methods - Autumn Experiment
Chlorophyll b (ug/I)
Microcosms*
Day 1 2 3 4 s 6
0 0.07 0.13 0.14 0.12 0.19 0.12
1 0.11 0.11 0.28 0.25 0.25 0.29
3 0.00 0.00 0.85 0.66 0.52 0.60
5 0.56 0.33 0.35 0.40 0.37 0.39
7 0.00 0.24 0.19 0.27 0.20 0.19
9 0.00 0.00 0.15 0.00 0.22 0.00
ll 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00
Table (XIIDI6 Concentratíons of Chlorophyll c Determined by_
HPLC Methods - Autumn Experiment
Chlorophyll c (ug/1)
Microcosms*
Day 1 2 3 4 5 6
0 0.22 0.37 0.53 0.59 0.61 0.76
1 0.63 0.53 1.14 0.82 1.73 0.76
3 0.00 0.00 4.20 4.63 4.88 4.64
5 0.22 0.17 3.51 4.15 4.37 4.48
7 0.00 0.00 1.48 2.81 2.52 2.38
9 0.00 0.00 0.80 1.39 1.54 1.43
11 0.00 0.00 0.63 1.01 1.09 1.20
13 0.00 0.00 0.81 1.42 1.16 1.59
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* Key
Microcosms 1 and 2 are controls
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
All emboldened data has been calculated using exponential interpolation
Dissolved Inorganic Nutrient Data - Microcosms
APPENDIX XIV
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Table (XIV)l Concentrations of Ammonium- Spring Experiment 1
Ammonium (uM)
Microcosms*
Day 1 2 3 4 5
0 1.21 1.21 1.21 1.21 1.21 1.21
1 3.04 0.68 0.40 0.88 25.63 25.30
3 0.36 0.37 0.21 0.02 0.43 15.40
5 1.79 0.39 0.81 0.35 0.51 0.48
7 0.79 1.30 1.65 1.88 1.47 0.80
9 0.35 0.58 0.51 0.47 0.67 0.66
11 0.07 0.06 0.05 0.03 0.03 0.35
13 0.07 3.36 1.24 1.07 1.17 0.35
Table (XIV)2 Concentrations of Phosphate - Spring Experiment 1
Phosphate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 0.51 0.51 0.51 0.51 0.51 0.51
1 0.56 0.52 2.05 2.05 2.17 2.10
3 0.03 0.02 0.45 0.43 0.21 0.87
5 0.45 0.04 0.12 0.13 0.13 0.16
7 0.07 0.08 0.07 0.12 0.15 0.31
9 0.07 0.07 0.09 0.10 0.11 1.07
11 0.03 <0.00 0.01 <0.00 <0.00 0.13
13 0.06 0.05 0.16 0.16 0.09 1.28
Table (XIV)3 Concentrations of Sílicate - Spring Experiment 1
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Sílicate (uM)
Microcosms*
Day 1 2 3 4 5
0 6.68 6.64 6.64 6.64 6.64 6.64
1 5.56 4.76 22.18 21.48 20.01 23.12
3 0.40 0.52 6.28 4.69 3.79 15.73
5 1.18 0.28 0.76 0.47 0.47 0.60
7 0.43 0.27 0.36 0.29 0.18 4.81
9 0.64 0.71 0.76 0.55 0.53 11.42
11 1.35 0.72 0.86 0.46 0.63 12.53
13 0.76 0.37 0.89 0.60 0.58 13.32
Table (XIV)4 Concentrations of Nitrate - Spring Experiment 1
Nitrate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 7.20 7.20 7.20 7.20 7.20 7.20
1 7.51 7.05 20.74 20.27 5.78 7.64
3 0.02 0.08 0.01 0.01 5.49 8.29
5 0.17 0.03 0.40 0.02 0.03 0.04
7 0.02 0.09 0.03 0.04 0.01 0.05
9 0.01 0.19 0.04 0.03 0.16 0.14
ll 0.19 0.11 0.11 0.04 <0.00 1.48
13 0.49 1.11 0.49 0.85 0.70 3.82
Table (XIV)5 Concentrations of Ammonium- Spring Experiment 2
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Ammonium (uM)
Microcosms*
Day 1 2 3 4 5 6
0 1.18 1.82 1.01 1.27 1.16 2.37
1 2.32 0.59 0.60 0.54 0.70 0.49
2 0.55 0.53 14.14 13.55
3 0.81 0.38 0.49 0.51 9.76 5.54
5 1.25 0.88 0.38 0.53 0.33 0.31
7 0.80 0.80 0.61 0.50 0.44 0.62
9 2.29 1.53 1.30 1.06
11 1.98 1.48 1.56 1.05
Table (XIV)6 Concentrations of Phosphate - Spring Experiment 2
Phosphate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 0.41 0.44 0.44 0.46 0.43 0.46
1 0.34 0.30 0.31 0.31 0.33 0.31
2 2.13 2.09 2.16 2.33
3 0.04 0.00 1.77 1.69 1.89 1.75
5 0.21 0.08 0.29 0.22 0.31 0.22
7 0.04 0.03 0.05 0.06 0.10 0.14
9 0.02 0.03 0.05 0.05 0.05 0.08
11 0.10 0.04 0.30 0.24 0.14 0.17
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Table (XIV)7 Concentrations of Silicate - Spring Experiment 2
Silicate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 459 491 474 531 483 703
1 567 322 314 310 317 295
2 2405 2504 2638 2366
3 183 034 1858 1796 2005 1645
5 097 052 092 090 385 069
7 034 033 042 039 036 042
9 034 005 298 077 019 057
ll 067 031 966 713 247 286
Table (XIV)8 Concentrations of Nitrate - Spring Experiment 2
Nitrate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 720 720 755 741 728 756
1 762 670 697 677 733 670
2 1583 1509 486 313
3 560 017 lL90 1057 507 330
5 331 016 008 009 007 000
7 005 008 001 000 000 001
9 010 007 O00 003 000 000
ll 018 005 012 009 016 005
Table (XIV)9 Concentrations of Ammonium - SummerExperiment
377
Annnonium (uM)
Microcosms*
Day 1 2 3 4 5 6
0 1.57 0.78 0.47 0.31 0.43 1.65
1 0.75 0.29 0.38 0.21 14.03 14.95
3 0.57 0.68 0.47 0.47 0.48 0.56
5 0.43 0.55 0.55 0.53 0.59 0.49
7 0.51 0.76 0.63 0.45 0.51 0.44
9 0.62 0.51 0.27 0.72 0.57 0.56
11 1.76 0.78 0.69 0.79 0.76 0.87
Table (XIV)10 Concentrations of Phosphate - Summer Experiment
Phosphate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 0.37 0.31 0.32 0.37 0.39 0.32
1 0.22 0.10 1.68 1.83 1.63 1.73
3 0.23 0.08 0.31 0.52 0.31 0.31
5 0.07 0.08 0.15 0.24 0.18 0.19
7 0.21 0.07 0.17 0.18 0.16 0.18
9 0.09 0.09 0.19 0.27 0.21 0.28
11 0.13 0.07 0.13 0.24 0.28 0.30
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Table (XIV)l1 Concentrations of Silicate - Summer Experiment
Silicate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 4.11 2.55 2.39 2.63 3.04 2.21
1 2.89 1.16 19.22 19.78 21.15 20.34
3 1.90 0.82 8.27 4.25 1.43 10.42
5 0.67 0.72 0.39 0.46 0.53 0.55
7 1.80 0.72 0.79 0.71 0.90 0.83
9 1.04 0.72 0.90 1.36 1.69 0.83
11 1.91 0.83 1.42 1.20 2.00 1.26
Table (XIV)l2 Concentrations of Nitrate - Summer Experiment
Nitrate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 0.30 0.33 0.37 0.25 0.36 0.70
1 0.11 0.04 10.47 10.34 0.10 0.50
3 0.05 0.03 0.06 0.03 0.03 0.04
5 0.06 0.06 0.06 0.03 0.06 0.06
7 0.09 0.04 0.01 0.02 0.02 0.01
9 0.03 0.41 0.10 0.14 0.10 0.09
ll 0.05 0.00 0.01 0.03 0.02 0.07
Table (XIV)l3 Concentrations of Ammonium- Autumn Experiment
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Ammonium (uM)
Microcosms*
Day 1 2 3 4 5 6
0 0.54 0.07 0.12 0.12 0.02 0.13
1 0.16 0.00 0.41 0.01 13.66 13.92
3 0.83 0.43 0.81 0.76 0.63 0.75
5 0.00 0.51 0.72 0.68 0.61 0.65
7 0.59 0.62 0.64 0.60 0.60 0.56
9 0.00 0.67 1.34 1.27 1.00 1.13
ll 0.00 0.73 0.98 1.01 0.88 0.94
13 1.09 0.79 0.71 0.81 0.77 0.78
Table (XIV)l4 Concentrations of Phosphate - Autumn Experiment
Phosphate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 0.21 0.20 0.21 0.23 0.23 0.19
1 0.11 0.06 1.46 1.82 1.65 1.86
3 0.05 0.08 0.13 0.60 0.38 0.67
5 0.10 0.14 0.09 0.19 0.24 0.24
7 0.10 0.13 0.11 0.21 0.18 0.27
9 0.28 0.12 0.12 0.25 0.21 0.30
11 0.20 0.12 0.20 0.28 0.23 0.30
13 0.15 0.12 0.36 0.32 0.24 0.30
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Table (XIV)15 Concentrations of Sílicate - Autumn Experiment
Sílicate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 L84 L56 L62 L48 L64 L43
1 L59 L48 1674 1&09 1&35 1734
3 223 227 530 1012 657 1252
5 L66 L68 061 079 082 083
7 231 L29 066 L24 L31 L27
9 303 095 093 L14 L05 232
ºÄ± 223 L23 119 L36 L49 252
13 L65 159 LS2 L62 212 273
Table (XIV)16 Concentrations of Nitrate - Autumn Experiment
Nitrate (uM)
Microcosms*
Day 1 2 3 4 5 6
0 006 009 006 012 011 006
1 008 008 1190 1222 011 004
3 017 007 097 080 024 024
5 004 005 005 002 004 004
7 003 000 000 000 000 000
9 019 028 000 007 000 003
ll 047 036 005 014 005 011
13 L20 046 022 027 026 032
381
* Key
Microcosms 1 and 2 are controls
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
All emboldened data has been calculated using exponential interpolation
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APPENDIX XV
Particulate Nutrient Data - Microcosms
Table gXV)1 Particulate Nitrogen - Spring Experiment 1
Particulate Nitrogen (uM)
Microcosms*
Day 1 2 3 4 5 6
0
1 3.73 3.27 3.50 3.84 4.00 4.41
3 9.34 8.03 22.59 22.36 33.11 20.96
5 8.32 9.23 19.63 17.19 32.25 33.12
7 8.12 7.26 18.80 17.91 29.00 20.69
9 6.09 6.40 15.29 17.32 25.66 11.84
11 6.78 5.37 15.74 16.74 25.03 10.18
13 4.23 4.50 10.56 14.60 19.48 10.55
Table 1XV)2 Particulate Carbon - Spring Experiment 1
Particulate Carbon (uM)
Microcosms*
Day 1 2 3 4 5 6
0
1 23.28 22.70 23.56 25.85 25.37 48.13
3 94.35 74.18 182.21 185.67 244.74 111.40
5 151.24 129.96 385.21 351.38 641.69 424.63
7 124.04 116.18 341.46 377.92 563.49 244.75
9 77.90 91.92 264.43 337.90 440.28 206.79
ll 60.34 65.51 207 .94 291.65 302.49 62.08
13
Table 1XV13 Particulate Nitrogen - Spring Experiment 2
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Particulate Nitrogen (uM)
Microcosms*
Day 1 2 3 4 5 6
0 9.20 2.77 3.16 3.15 4.69 2.62
1 4.03 4.08 3.85 3.86 5.56 3.92
3 10.97 9.10 9.83 11.51 9.70 12.21
5 9.45 10.72 21.84 20.72 22.42 21.25
7 11.20 12.09 19.89 18.20 20.72 16.32
9 7.28 7.81 13.47 15.51 16.43 11.36
ll 5.08 4.42 9.55 7.59 11.96 8.19
Table §XV±4 Particulate Carbon - Spring Experiment 2
Particulate Carbon (uM)
Microcosms*
Day 1 2 3 4 5 6
0 63.26 22.30 22.03 22.57 45.45 17.15
1 58.68 38.94 34.68 38.90 48.43 33.69
3 54.44 67.98 54.59 67.03 51.60 66.19
5 56.07 141.13 225.33 275.82 161.78 321.73
7 80.17 150.98 382.36 421.99 376.59 376.59
9 70.13 63.80 198.27 329.67 331.30 180.16
ll 36.62 34.63 75.87 65.39 205.50 83.31
Table §XV)5 Particulate Nitrogen - Summer Experiment
384
Particulate Nitrogen (uM)
Microcosms*
Day 1 2 3 4 5 6
0 4.12 4.53 4.39 4.51 5.20 6.57
1 4.95 5.71 5.71 5.00 6.35 8.79
3 4.87 6.19 ¬` 17.'/1 ¬` 11.00 * s.3s 20.79
5 3.31 3.36 15.48 13.30 13.28 16.28
7 2.66 2.35 13.31 13.56 10.98 11.82
9 3.34 3.22 14.08 12.75 11.21 12.92
ll 3.34 3.57 13.74 11.64 11.60 11.32
Table §XV[6 Particulate Carbon - Summer Experiment
Particulate Carbon (uM)
Microcosms*
Day 1 2 3 4 5 6
0 29.41 26.16 24.90 24.58 28.17 40.99
1 43.84 44.57 44.57 42.04 48.39 65.31
3 38.36 40.49 148.82 175.87 213.11 155.87
5 29.51 29.15 286.00 268.35 241.41 263.26
7 26.58 23.55 235.80 232.27 175.50 201.52
9 17.62 20.02 217.42 208.85 178.03 180.31
11 24.74 20.97 227.68 219.01 177.12 163.18
Table §XV±7 Particulate Nitrogen - Autumn Experiment
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Particulate Nitrogen (uM)
Microcosms*
Day 1 2 3 4 5 6
0 7.47 6.53 7.01 7.69 8.01 8.82
1 4.67 4.42 4.31 4.59 4.12 4.43
3 4.11 4.35 " 16.32 + 16.59 + 16.12 + 16.43
5 3.87 4.80 15.73 15.03 15.32 15.27
7
9
2.10
2.44
2.37
2.40
15.13
12.82
1 1.52
9.86
11.63
9.47
11.31
10.24
11 2.01 2.24 10.46 9.04 9.11 9.32
13 2.10 2.28 9.24 9.53 8.30 9.54
Table 1XV)8 Particulate Carbon - Autumn Experiment
Particulate Carbon (uM)
Microcosms*
'Day 1 2 3 4 5 6
0 46.56 45.39 47.12 51.71 50.75 96.25
1 36.05 33.65 32.28 34.62 32.98 33.08
3 33.84 34.81 69.00 40.02 38.26 41.18
5 29.70 36.54 143.91 90.86 115.09 85.45
7 19.80 21.23 171.26 124.84 147.72 122.34
9 13.20 12.34 203.81 171.54 189.61 175.17
11 13.19 13.93 161.66 150.26 161.63 157.38
13 13.19 15.73 128.22 131.62 137.78 141.40
336
* Key
Microcosms 1 and 2 are controls
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
All emboldened data has been calculated using exponential interpolation
J 12 M added to Day 1 data to obtain Day 3 values
387
APPENDIX XVI
DAIN Uptake Rates (mol d `1) using Nitrogen Isotopes
Table (XVI)l Nitrate Uptake Rates during Spring Experiment 1
Days Microcosms
M3 .M4 M5 M6
1 1.44 1.22 1.29 0.17
2.69 2.45 2.125 2.49
9 2.1 1.94 1.81 0.36
Table (XVI)2 Ammonium Uptake Rates during Spring Experiment 1
Days Microcosms
M3 M4 M5 M6
3 2.45 2.06 2.48 3.48
2.70 1.74 2.387 2.63
11 0.19 0.14 0.14 0.16
Table (XVD3 Nitrate Uptake Rates during Autumn Experiment
Microcosms
M3 M4 M5 M6
1 1.54 2.34 0.35 1.38
5 0.05 0.04 0.04 0.05
Days
9 0.06 0.12 0.06 0.1
Table (XVI)4 Ammonium Uptake Rates during Autumn Experiment
Days Microcosms
M3 M4 M5 M6
3 0.22 0.23 0.22 0.23
7 0.27 0.25 0.22 0.24
11 0.08 0.77 0.66 0.68
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
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APPENDIX XVIII
Nanoagellate Abundance
Table (XVIII)1 Autotrophic Nanoagellates - Spring Experiment 1
Autotrophic Nanoagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0
1 85800 79200 39600 79200 106000 66000
3 72600 92300 106000 79200 79200 158000
5 158000 211000 26400 79200 185000 792000
7 79200 158000 79200 29000 369000 132000
9 39600 132000 26400 0 0 132000
ll 26400 0 26400 0 87900 198000
13 0 0 26400 0 26400 0
Table (XVIII)2 Heterotrophic Nanoagellates - Spring Experiment 1
Heterotrophic Nanoagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0
1 59400 52800 46200 19800 92300 46200
3 33000 13200 79200 52800 231000 363000
5 2740000 4330000 554000 4140000 923000 3460000
7 1000000 2430000 2240000 2560000 4590000 16600000
9 488000 1560000 1560000 1690000 6860000 12800000
ll 501000 765000 1610000 2770000 3910000 7320000
13 686000 1240000 923000 4180000 739000 6160000
408
Table (XVIII)3 Autotrophic Nanoagellates - Spring Experiment 2
Autotrophic Nanoagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0 264000 211000 224000 224000
1 422000 449000 396000 396000 572000 264000
3 950000 2380000 1210000 723000 1160000 1420000
5 792000 1580000 2110000 1320000 3300000 1450000
7 2840000 913400 726000 1320000 1060000 1420000
9 1580000 528000 594000 0 528000 188000
11 132000 396000 660000 66000 132000 0
Table (XVIII)4 Heterotrophic Nanoflagellates - Spring Experiment 2
Heterotrophic Nanoflagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0 343000 396000 317000 303000
1 633000 844000 396000 1010000 792000 739000
3 1000000 1170000 2320000 2015000 1690000 22370000
5 15500000 5940000 4420000 4020000 6930000 7260000
7 4090000 5240000 4420000 3830000 3300000 4360000
9 4750000 4620000 5340000 5150000 3360000 7260000
ll 3630000 4550000 8970000 9560000 11100000 4350000
409
Table (XVIID5 Autotrophic Nanoagellates - Summer Experiment
Autotrophic Nanoagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0
1 660000 616000 440000 528000 264000 792000
3 967000 1060000 2730000 2810000 3830000 1980000
5 1450000 1060000 264000 1580000 1200000 264000
7 462000 330000 396000 396000 132000 923000
9 260000 110000 857000 967000 616000 3300000
11 343000 64000 792000 264000 132000 528000
Table (XVIII)6 Heterotrophic Nanoagellates - Summer Experiment
Heterotrophic Nanoagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0
1 923000 616000 792000 352000 1250000 1060000
3 1230000 1580000 1140000 4750000 6600000 5280000
5 1580000 1850000 2510000 5410000 4200000 14400000
7 462000 264000 2770000 4750000 1580000 4750000
9 290000 132000 4220000 8440000 10400000 11200000
ll 871000 3300000 20600000 12400000 15800000 14600000
âº
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Table (XVIII)7 Autotrophic Nanoagellates - Autumn Experiment
Autotrophic Nanoagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0 1710000 1250000 1120000 1450000 1710000 857000
1 1060000 897000 2520000 1020000 1450000 1450000
3 818000 554000 4750000 2510000 2700000 1580000
5 87900 198000 1780000 792000 1190000 1520000
7 296000 528000 528000 264000 726000 1120000
9 211000 237000 66400 462000 330000 264000
11 185000 369000 396000 0 66000 132000
13 132000 238000 66000 0 66000 66000
Table (XVIII)8 Heterotrophic Nanoagellates - Autumn Experiment
Heterotrophic Nanoflagellates (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0 989000 1390000 330000 594000 594000 264000
1 627000 343000 600000 429000 923000 1450000
3 396000 317000 15200000 3960000 3100000 7590000
5 2330000 5140000 2440000 , 3030000 3170000 2240000
7 11100000 6130000 6330000 3170000 5340000 2020000
9 792000 871000 15500000 11000000 10700000 6850000
11 795000 660000 26600000 9960000 17400000 15700000
13 739000 686000 17600000 11200000 22000000 16000000
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APPENDIX XIX
Bacteria] Abundance
Table (XIX)l Bacteria - Spring Experiment 1
Bacteria (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0 3.59E+08 3.59E+08 3.59E+08 3.59E+08 3 .59E+O8 3.59E+08
1 8.82E+08 4.55E408 3.95E+08 4.69E+08 4.69E+08 6.96E+08
3 6.75E+08 4.67E+08 9.22E+08 1 .04E+09 6.64E+08 9.48E+08
5 2.35E+08 5 .64E+O8 6.45E+08 5.93E+08 7.74E+08 7.22E+O8
7 5.41E+08 7.04E+08 6.31E+08 6.8 1E+08 1.4E+O9 1 .49E+09
9 8.22E+O8 8.8E+08 1 .09E+09 1.01E+09 2.52E+09 1.03E+O9
11 1 .05E+09 9.05E+08 1.28E+09 1.31E+09 4.9E+09 1 .04E+09
13 1.4E+09 1.35E+09 1 .29E+O9 1.45E+09 3.4E+09 6.51E+08
Table (XIX)2 Bacteria - Spring Experiment 2
Bacteria (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0 4.1E+08 6.15E+08 4.95E+08 4.95E+O8 5.28E+O8 5.47E+08
1 3.83E+08 6.38E+08 6.6E+08 7.27E4-08 5.33E+08 1 _ 19E+09
3 4 .66E+08 6.05E+08 2.5 lE+09 5.5 8E+O8 1 .59E+09 1.1 1E+09
5 5 .84E+08 5 .76E+08 1.35E+09 1 .4E+O9 1.37E+O9 1.6E+09
7 7.24E+08 1 . l6E+09 1 .94E+09 2.41E+09 2.18E+09 2.74E+09
9 1 .21E+09 l.77E+09 3 .2E+09 2 .42E+09 2.81E+09 3 .06E+O9
11 2.55E+09 1.08E+08 1 .4E+09 1.68E+09
4412
Table (XIX)3 Bacteria - Summer Experiment
Bacteria (cells/Iitre)
Microcosms*
Day 1 2 3 4 5 6
0
1 l .O2E+09 1.08E+09 8 .94E+08 1.88E+09 l.18E+09 l.4lE+09
3 1.38E+09 6.98E+O8 1 .44E+09 1 .59E+O9 1.7E+09 l.29E+09
5 8.63E+08 9.48E+08 1.31E+09 1 .36E+09 1.34E+09 1.l8E+09
7 1.23E+O9 1.43E+09 1.75E+09 2. 14E+O9 2.8E+09 2 .67E+09
9 1 .57E+O9 1.63E+09 2.29E+O9 1 .65E+09 2.13E+09 2.11E+09
11 1 .56E+09 1.73E+O9 1 .45E+09 1 .45E+09 9E+08 1 .03E+O9
Table (XIX)4 Bacteria - Autumn Experiment
Bacteria (cells/litre)
Microcosms*
Day 1 2 3 4 5 6
0 5.l1E+08 8.63E+08 1.1 1E+O9 8.74E+08 1.14E+O9 1 .O9E+09
1 l.01E+09 1 .2E+09 2.2E+09 9.39E+08 1 .79E+09 1 .84E+O9
3 1 .66E+09 1.9E+O9 1 .02E+O9 1.33E.+09 1 .59E+09 1 .39E+O9
5 1 .62E+09 1.3lE+O9 1.51E+09 1 .05E+09 1.23E+09 1. l3E+09
7 7.34E+08 8.88E+O8 2.38E+09 7.87E+O8 1.48E+09 1.5 8E+09
9 l.0SE+09 1.35E+09 1.llE+09 3 .64E+08 5.53E+O8 2.59E+O9
ll 1.39E+O9 1.51E+O9 7.06E+08 6.55E+08 5.89E+O8 1.07E+O9
13 9.7E+08 1.13E+09 9.86E+08 l.1E+09 5.45E+O8 8.02E+08
V V
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* Key
Microcosms l and 2 are controls
Microcosms 3 and 4 are nitrate enriched
Microcosms 5 and 6 are ammonium enriched
All emboldened data has been calculated using exponential interpolation
